DFT STUDIES OF ORGANOCATALYZED REACTIONS by CHO BOKUN
                                                         
 
 















































A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CHEMISTRY 
NATIONAL UNIVERSITY OF SINGAPORE
 Acknowledgement 
I would like to express my gratitude towards my supervisor, Prof Richard Wong Ming 
Wah for his guidance and patience which made the completion of my PhD possible. I 
am also thankful to my co supervisor, Assoc Prof Tan Choon Hong whose valuable 
insights and experimental work facilitated the conclusion of my projects. 
My gratitude extends to my colleagues in my group, Eugene, Wang Li, Huifang, Cao 
Ye, Yang Hui and Soo Tin for the timely help that they offered. 
I am grateful to the Medicinal Chemistry programme for giving the opportunity to 
further my research ambitions and for their generous financial support. 
Lastly, I am thankful towards my family for their support throughout my academic 















 The work in this thesis is the original work of Cho Bokun, performed independently 
under the supervision of Prof Wong Ming Wah, Richard, Chemistry Department, 
National University of Singapore, between 01/08/2007 and 01/08/2011. 
 
The content of the thesis has been partly published in: 
 









___Cho_Bokun____                     _________________               __05 / 08 / 2011___ 









 Table of Contents    Page    
List of Tables 
List of Figures 
List of Schemes 
List of Abbreviations 
 
Chapter 1    Introduction  
1.1    Asymmetric synthesis 1   
1.2    Organocatalysis 1   
1.3    The Guanidine organocatalyst and its bifunctional activation 3   
1.4    The Bicyclic guanidine motif 5   
1.5    Activation of catalyst  6 
1.6    Tan et al. bicyclic guanidine catalyst 8  
 
Chapter 2    Theoretical methods 
2.1 Introduction to quantum chemistry  10   
2.2 Hartree Fock approximations  11 
2.3 Moller-Plesset Perturbation theory (MP2) 12 
2.4 Basis sets  12 
2.5 Density Functional Theory  14 
2.6 Solvation   19 
2.7 Transition state theory and enantioselectivity 23 
2.8 Turnover Frequency and the energetic span model 24 
2.9 Atoms in Molecules (AIMS)  27 
2.10 Natural Bonding Orbitals (NBO)  28 
 2.11 Morokuma Energy Decomposition Analysis (EDA) 31 
2.12 CHELPG charges 32 
 
Chapter 3      Thiourea catalyzed Diels-Alder reaction 
3.1  Introduction 33 
3.2  Computational methods 37 
3.4 Results and discussion 38 
 3.4.1   Geometries of Transition states 38 
 3.4.2   Effect of substituents on the rate 41 
 3.4.3   S-H hydrogen bond effect on the catalyst 43 
3.5 Conclusion 44 
 
Chapter 4 Sequential catalytic role of bifunctional bicyclic guanidine in 
                        asymmetric phospha-Michael reaction 
  
4.1 The phospha-Michael reaction 46 
4.2 Computational methods 47 
4.3 Mechanism and bifunctional role of the catalyst 47 
4.4 Phosphine oxide Tautomerization 48 
4.5 Uncatalyzed phospha-Michael reaction 50 
4.6 Enantioselective phospha-Michael Conjugate addition  52 
  4.6.1   Pre Transition state complex 52 
 4.6.2 Chirality of the catalyst 54 
 4.6.3 Bifunctional role in phospha-Michael conjugate addition 55 
 4.6.4 Enantioselectivity in bifunctional activation of phospha-Michael  57 
  conjugate addition 
 
 4.6.5  AIM analysis 64 
  4.6.6  Morokuma EDA 65 
 4.6.7  Energetic preference and enantioselectivity 66 
4.7 Protonation Step  67 
4.8 Catalyst modification to enhance enantioselectivity  68 
4.9 Conclusion 73 
 
Chapter 5     Asymmetric induction by the Lewis acidity in the bicyclic  
                      guanidine catalyzed thio-Michael reaction                    
 
5.1  Lewis acidity of the guanidinium 83 
5.2  Computational methods 86  
5.3  Mechanism 87 
5.4  Hydrogen bonding strength and stability of intermediates and TS 88  
5.5  Deprotonation of thiophenolate  89 
5.6  Pathway A, Brønsted acidic activation 90 
5.7  Pathway B, bifunctional Lewis acidic and Brønsted acidic activation 94 
 5.7.1  Enhanced activation through pathway B 94 
 
 5.7.2  Pathway B induction of the enantioselectivity of the reaction 98 
 
5.8  Enolate stability 101 
5.9  Enantioselective protonation step 104  
5.10 Kinetics and enantioselectivity of the reaction 108 
5.11   Importance of the treatment of dispersion in DFT to elucidate long  
   range guanidinium Lewis acidic activation kinetics 109 
 




 Chapter 6     Mutual Brønsted acid and base activation: guanidine dimer   
 catalysis of the tandem hetero-Michael-protonation  reaction    
 
6.1. Activation of catalyst 118 
6.2. Proton shuttling in guanidine 119 
6.3. CH-X interactions in catalysis 120 
6.4. Computational methods 121 
6.5. Comparison of guanidine monomer and dimer catalyzed 
 tautomerization pathways in the phospha-Michael reaction 128 
 
6.6. Comparison of guanidine monomer and dimer catalyzed  
 conjugate addition pathways in the phospha-Michael reaction  131 
 
6.7. Comparison of guanidine monomer and dimer catalyzed protonation  
 pathways in the phospha-Michael reaction  139 
 
6.8. Comparison of guanidine monomer and dimer catalyzed  
 pathways in the thio-Michael reaction  145 
 















This thesis focuses on using DFT theoretical studies to elucidate the mechanism of 
organocatalyzed asymmetric reactions and account for the factors influencing the 
kinetics through the study of the transition states.  
The effect of the substituents on of the thiourea activation in the Brønsted acid 
catalyzed Diels-Alder reaction is explored. The role of the S-H hydrogen bond within 
the catalyst on the activation of the reactants is also examined. 
Investigation of the phospha-Michael reaction mechanism has shown that the 
bifunctionality of the bicyclic guanidine catalyst is involved in all 3 stages of the 
reaction. The enantioselectivity is determined by phospha-Michael enantioselective 
step where the t-butyl groups of the guanidine causes steric constraints on both the 
Phosphinic acid and nitrostyrene. The R transition state is preferred due to the optimal 
hydrogen bonding and the alignment of the reactants with the bifunctional catalyst. 
For the thio-Michael reaction, the elucidated mechanism showed that the Lewis 
acidity of the guanidinium catalyst provides a kinetically preferred pathway to the S 
product. The enantioselective protonation step turns out to be kinetically silent and the 
rate determining thio-Michael conjugate addition establishes the asymmetry of the 
reaction. The strong ion pair interaction between the enolate and guanidinium and the 
torsional barrier of the complex prevents cis-trans isomerization of the enolate, 
locking in the chirality from the conjugate addition. Treatment of dispersion 
interactions is critical in describing the guanidine Lewis acidic activation. 
In the guanidine dimer catalysis of the phospha-Michael enantioselective protonation 
reaction, the dimerization of the catalysts enabled mutual activation through Brønsted 
acid and base interactions. This results in the bifunctional guanidine being more basic 
and acidic concurrently, making the tautomerization kinetically more favourable. The 
 high entropic requirements of the guanidine dimer and both reactants caused the 
phospha-Michael addition and the enantioselective protonation step to be kinetically 
comparable to the guanidine monomer catalysis even though they are enthalpically 
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1.1 Asymmetric synthesis 
Asymmetric synthesis is essential to the pharmaceutical industry as different 
stereoisomers of an active compound may result in different biological activities with 
numerous examples[1] being documented. The more prominent case is Thalidomide[2] 
where the active enantiomer is used to treat morning sickness during pregnancy while 
the other enantiomer causes birth defects. Thus it is imperative to obtain an optically 
pure compound to maximize efficacy and eliminate the possible adverse biological 
activities. 
Asymmetric catalysis[3] remains one of the best ways to get enantiomeric pure 
compounds due to its atom efficiency, versatility and feasibility under mild conditions. 
Chiral pool synthesis restricts the options of the starting material to natural products 
which may not give optimal route for the desired product. Chiral auxiliaries require 
two extra steps of synthesis in the addition and removal of the auxiliary and it is 
required in stoichometric amount. 
 
1.2 Organocatalysis 
Organocatalysis[4] is now a ubiquitous method for asymmetric synthesis due to its 
efficiency and simplicity. Compared to organometallic and metallic catalysts, 
organocatalysts are stable, easier to handle and have little or no toxicity, making their 
use in drug synthesis highly desirable[4a, 4b]. Moreover, they also have high solubility 
in organic solvents and are not prone to substrate inhibition. Organometallic catalysts 
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are sometimes difficult to obtain in large quantities[4a, 4b] which is a problem in large 
scale production. Enzymes have a large mass which is not preferred in large scale 
synthesis as it is not weight and volume efficiency. Moreover they also have a limited 
substrate range and are difficult to modify for substrate specificity due to its complex 
and massive structure[5]. Instead of exploiting only the enzyme, the biological 
pathways of yeast and bacteria can be manipulated through biosynthetic engineering[6] 
to generate natural products or natural product analogues with numerous chiral 
centres. However this method is only feasible if the desired product is or resembles a 
natural product and it takes much more time and resources to alter a biological 
pathway than just an enzyme itself. 
 
Organocatalysts are able to activate the reactants through different interactions, even 
with Lewis acid catalysis that metallic catalysts usually possess. There are 4 main 
types of interaction an organocatalyst can activate through; Lewis acid, Lewis basic, 
Brønsted acid and Brønsted basic catalysis. A radical activation mechanism is also 
possible as demonstrated by MacMillian and coworkers' proline derived catalyst 1-1 
(Figure 1.1). The guanidine functional group 1-2 can be utilized for Brønsted basic 
catalysis while thiourea 1-3 and BINOL derived chiral phosphoric acid 1-4 are 
frequently employed for Brønsted acid catalysis. N-heterocyclic carbene 1-5 is an 
example of Lewis basic organocatalyst and the L-fructose derived Shi epoxidation 
ketone catalyst 1-6 activates the substrates through Lewis acidic interaction. A 
bifunctional organocatalyst which contains both a Brønsted base and a Brønsted acid 

















































Figure 1.1 Popular motifs of organocatalysts where R = alkyl or aryl groups while Ar 
= aryl groups 
  
 
1.3 The Guanidine organocatalyst and its bifunctional activation 
Guanidines are well known Brønsted basic catalysts for a wide variety of reactions.[7]. 
The bi-functionality of guanidinium (Figure 1.2), the conjugate acid of guanidine, to 
simultaneously activate the nucleophile and electrophile through hydrogen bonding 
interactions was initially proposed by Corey for the Strecker reaction.[8] This was 
later investigated and supported through DFT studies.[9] This bi-functionality was 
further established by our group through experimental and theoretical studies of the 
conjugate addition to fluorocarbon.[10] Separately, the Jacobsen group utilized 
Brønsted acidic activation of the guanidinium in Claisen rearrangement.[11] 















Figure 1.2.  Bifunctional Brønsted acidic activation  
 
For nucleophiles whose conjugate bases are similar to or stronger than guanidine in 
Brønsted basicity, the catalyst activates the reactants via bi-functional Brønsted acid 
and base catalysis (Figure 1.3).  Nucleophilic activation (Figure 1.4) through the 
Lewis basicity of guanidine is an alternative reaction pathway besides bi-functional 
Brønsted acid and basic catalysis. The covalent bonded activation increases the 
electrophilicity of the substrate. Both modes of activation are possible as shown in the 
kinetic and DFT studies of guanidine-catalyzed ring opening polymerization of cyclic 














































Figure 1.4.  Bifunctional Lewis base and Brønsted base activation  
 
The bi-functional Brønsted acidity has been shown experimentally in the 
intermolecular interactions in the X ray crystal structure of a guanidinium chloride 
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complex[15] (Figure 1.5) where the bicyclic guanidinium hydrogen bonds with both a 
chloride anion and a water molecule simultaneously. The bi-functional Brønsted acid 
and base interactions have also been proven experimentally through the X ray crystal 
structures of guanidine dimers[16] (Figure 1.6) with the acidic N-H proton hydrogen 






Cl O HH  
 
Figure 1.5.  The hydrogen bond interactions in a guanidinium chloride complex as 




















Figure 1.6.  The hydrogen bond interactions in guanidine dimers as revealed by X ray 
crystallography 
 
1.4 The Bicyclic Guanidine motif 
The chiral bicyclic guanidine guanidine motif[17] have proven to be robust and 
versatile not only in asymmetric reactions but also in organometallic ligand formation. 
The bicyclic structure prevents isomerization of the guanidine moiety (Figure 1.7) 
and enables the induction of chirality by furnishing with functional groups. 







































Figure 1.7.  Bicyclic structure that locks the guanidine in Eanti  conformation 
 
1.5 Activation of Catalyst 
Activation of the catalyst can be achieved through both Lewis[18] and Brønsted[19] 
interactions. Denmark et al. have shown with various catalysts[18a-c] how a Lewis base 
when bound to a Lewis acid will actually increase the Lewis acidity of the catalyst 
(Figure 1.8) instead of decreasing its electron deficiency. One might expect that the 
Lewis base will donate electron density to the Lewis acid, causing it to be less acidic. 
However both theoretical and kinetic studies[18d] have shown that the electronegativity 
of the Lewis base will draw electron density away from the Lewis acid making it a 
stronger Lewis acid. This activation of the catalyst is amplified if the Lewis acid-base 

































Figure 1.8. Lewis activation (D = Lewis base, A= Lewis Acid) 
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The cooperative organocatalysis by employing a Brønsted acidic and a Brønsted basic 
catalyst for mutual activation and asymmetric induction is an emerging trend. The 
work of List et al.[19e, 19f] focuses on asymmetric counteranion directed catalysis  
(ACDC) where a Brønsted base is added to a chiral BINOL derived phosphoric acid 
catalyst 1-4. This will form a chiral ionic complex which will increase both the rate 
and enantioselectivity when compared to activity of chiral phosphoric acid alone. This 
reveals the participation of the Brønsted base in both catalyst activation and 
asymmetric induction. Johnston et al.[19a] demonstrated the Brønsted acid activation of 
a Brønsted basic catalyst through kinetic studies. The Brønsted activation interaction 
is analogous to that of the Lewis activation with the charge transfer occurring through 
hydrogen bonding. It has been shown that collective hydrogen bonding network 
actually increases the Brønsted acidity of methanol to activate formylperylene[20] to 
attain its excited state. The Brønsted activation effect is also enhanced if a conjugate 
acid and base complex is formed, caused by the electrostatic attraction of the substrate 
(Figure 1.10) but the activation of the substrate will go through a different 






































Conjugate acid activation Conjugate base activation
Reaction Reaction
 
Figure 1.10. Counterion (conjugate base/acid) activated catalysis 
 
1.6 Bicyclic guanidine catalyst of Tan et al. 
The chiral bicyclic guanidine catalyst of Tan and coworkers (Figure 1.11) has been 
applied successfully to various asymmetric reactions[10, 21] with the induction of 
chirality by the simplicity of two substituted t-butyl groups. Its diverse catalytic 
capability can be seen in its role as a Brønsted acid in catalyzing Diels-Alder[21a] 
reactions, its Brønsted bi-functional activation in conjugate addition[10, 21b-f] and 
rearrangement[21g] reactions. The work in this thesis is to elucidate the mechanism of 
catalyzed reaction by this catalyst. The mechanism and the factors responsible for the 







Figure 1.11. α,α’-di-tButyl-H-TBO  
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Theoretical studies to investigate the effects of the organocatalysts on the activation of 
the reactants and their effect on the kinetics are discussed in the subsequent chapters. 
Chapter 3 deals with the effects of different substituent groups on the thiourea in the 
catalysis of the Diels-Alder reaction. 
The analysis of the catalyst bifunctional role in the Phospha Michael reaction 
mechanism is described in Chapter 4.  
The bifunctional Lewis and Brønsted acidity of the bicyclic guanidine and its effect 
on the enantioselectivity of the asymmetric Thio-Michael reaction is shown in 
Chapter 5.  
Mutual Brønsted activation of guanidine through dimerization and its influence on the 

























2.1 Introduction to quantum chemistry[22] 
In quantum chemistry, the physical observables of a molecular system which describe 
its intrinsic chemical properties can be obtained from the eigenvalues of mathematical 
operators of the wavefunction Ψ.  
The wavefunction arises from the wave particle duality of a subatomic particle and 
the square of the wavefunction Ψ2 gives the probability of finding the particle at a 
certain position at a certain time. The Ψ must also satisfy physical relevance 
conditions like continuity, single valued, normalizable and antisymmetric.  
The Schrödinger equation solves for the energy of the system using the Hamiltonian 
operator, 
 ĤΨ =EΨ. To understand the kinetics and enantioselectivity of our catalyzed system 
using transition state theory, the relative energy of each transition state is essential. 
The approximate time independent and non relativistic Schrödinger equation is solved 
for the system using separation of variables. The energy is comprised of the kinetic 
and potential energy of the nuclei and the electrons. 
The Born-Oppenheimer approximation is applied in the quantum calculations. This 
approximation neglects the kinetic energy of the nuclei due to its insignificant 
contribution when compared to the kinetic energy of the electrons as a result of the 
speed of the electrons. 
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The variational principle is used to optimize the wavefunction of the system as any 
guessed Ψ will have higher energy than the exact Ψ.  
 
2.2 Hartree-Fock Approximation 
The Hartree-Fock (HF) Approximation[22] solves the N-electron functions by an 
antisymmetrized product of N one-electron wavefunctions called Slater determinant.  
1 1 2 2
1 1 2 2
1 1
(1) (1) (1) (1) (1) (1) (1) (1) ... (1) (1)
(2) (2) (2) (2) (2) (2) (2) (2) ... (2) (2)
1
(2 )!






n n n n n n
φ α φ β φ α φ β φ β
φ α φ β φ α φ β φ β














 (2.1)  
The one-electron functions iχ are spin orbitals and are composed of a spatial orbital 
φ and one of the two spin functions, α(s) or β(s). 
( )i xχ

 = φ ( r

) σ(s),  σ = α,β            (2.2) 
The spin functions are orthonormal and so are the spin orbitals. 
<α|α> =<β|β> = 1; <α|β> = <β|α> = 0.     (2.3) 
*( ) ( )i j i j ijx x d xχ χ χ χ δ= =∫
  
  (2.4) 
The Kronecker delta δij is used such δij=1 when i=j but and δij=0 otherwise. 
Using the variational principle, the best Slater determinant will be found to give the 
energy closest to the exact energy for the ground state. The Fock operator is 
comprised of an effective one electron operator h which includes both the kinetic 
energy (Laplacian) and the nucleus electron attraction energy while the two electron 
integral consists of the Coulomb and exchange operator, J and K. J accounts for the 
inter-electron repulsion while K accounts for the electron exchange energy.  
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F i h i J i K i
=
 = + − ∑      (2.5) 
The equation is solved self-consistently by using a iterative loop of guessed Ψ to 
obtain the eigenvalue (total energy) and the wavefunction. This step is repeated until 
the total energy and Ψ do not differ significantly from those of the previous cycle. 
 The HF approximation does not contain electron correlation and hence describes a 
system with dispersion poorly. Post HF methods like MP2, employ perturbation to the 
operators of the HF equation to include extra terms for correlation.  
 
2.3 Møller–Plesset perturbation theory[23]  
The Møller–Plesset perturbation adds a small perturbation (eqn 2.6) to the Fock 
operator and the perturbed energy and ψ are expressed as a power series in λ. 
Equating the factors of λk in this equation gives a kth-order perturbation equation. 
MP2[23b] adds the 2nd order perturbation term to the HF equation (sum of the 0th and1st 
order perturbation terms) to account for the correlation. MP2 does not adhere to the 
variational principle; hence the energy may be lower than that of the true Ψ. 
0
ˆ ˆ ˆH H Vλ= +     (2.6) 




i i i i i i
i i i
H V Eλ λ λ λ
= = =
    
+ Ψ = Ψ    
    
∑ ∑ ∑      (2.7) 
 
2.4 Basis sets 
The wavefunction (or the resultant Molecular Orbitals from solving the Schrödinger 
equation) can be expressed as a linear combination of a finite set of functions called 
basis functions[22]. Conventionally they are atom centred functions called atomic 
orbitals; hence the term linear combination of atomic orbitals (LCAO) is used. Slater 
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orbitals[24] which are the hydrogen atomic orbitals from the one electron solution to 
the Schrödinger equation are the optimal approximate basis but they are 
computationally costly to calculate. Gaussian type orbitals (GTOs) are easier to 
calculate and the linear combination of GTOs can achieve similar results to what 
Slater orbitals produce at a fraction of the computational costs[22].  
Many of Pople’s basis set utilize split valence which has a number of GTOs to 
account for the inner core electrons and different types of GTOs to approximate the 
valence electrons distribution. 
6-31G* which is a split valence-double zeta basis set, assigns the overlap of 6 GTOs 
to account for each inner core electron and the overlap of 3 GTOs and a diffuse 
function (which is a larger size Gaussian orbital) of the same angular momentum for 
the outer core valence electron. The linear combination of normal GTOs with a 
diffuse GTO to obtain the resulting molecular orbital is called double zeta. The 
diffuse function enable the description of the distribution of electrons that extends 
further from the nucleus than normal bonding and lone pair electrons like anions. The 
asterix signifies the additional polarized functions (usually basis function of higher 
angular momentum) which in this case are d orbitals for heavy atoms used for the 
overlap of the valence electron. The polarized functions provide the flexibility 
required for the description of hypervalent electronic structures or obtuse and acute 
bond angles. 
Correlation consistent basis sets[25] can be extrapolated to the Complete Basis Set 
limit due to the systematic convergence of the basis sets increment. N is described as 
the number of types of different GTOs (normal, diffuse or higher angular momentum) 
used in the linear combination to obtain the molecular orbitals for the valence 
electrons in cc−pVNZ (cc−p stands for correlation consistent-polarized and V 
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represents valence). For example, in cc−pVDZ, the DZ represents double zeta. In the 
case of a carbon atom with the basis functions 3s2p1d, the valence electrons are 
described by the linear combination of two p orbitals and one d orbital. 
 
2.5 Density Functional Theory[26] 
DFT utilizes the electron density to solve the Schrödinger equation much more 
efficiently than using the Slater determinants than most Ab initio methods employ. 
This is a result of less parameters being involved (volume of probability density eqn 
(2.8)) than using the electron positions. 
*
1 1 2 1 2 1 2( ) ( ) ( )n n nr x x x x x x d x x xρ = Ψ Ψ∫
         
       (2.8) 
The components of the energy from DFT are similar to those of ab initio methods 
where [ ]T ρ the kinetic energy is and [ ]NeE ρ is the electron nuclei attraction 
potential energy. The electron electron interaction can be broken down into the 
Coulomb repulsion term [ ]HE ρ , the exchange term [ ]XE ρ  and the correlation term
[ ]CE ρ . 
[ ] [ ] [ ] [ ]Ne eeE T E Eρ ρ ρ ρ= + +      (2.9) 
[ ] [ ] [ ] [ ] [ ] [ ]Ne H X CE T E E E Eρ ρ ρ ρ ρ ρ= + + + +      (2.10) 
[ ] 21
2 i i
T ρ φ φ= − ∇      (2.11) 
[ ] [ ]






E E Z dr dr dr
r r
ρ ρ ρ
ρ ρ+ = − −∫ ∫
  
  
       (2.12) 
DFT methods are categorized according to how the exchange and correlation 
functionals [ ]XE ρ  and [ ]CE ρ  are described. Local Density approximation (LDA) 
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uses the properties of the uniform electron gas to approximate the exchange 
correlation functional.  
[ ] ( ) ( )LDAXC XCr r d rE ρ ρ ρε= ∫
  
     (2.13) 
Local Spin Density Approximation (LSDA) differentiates the electron spin functions 
in the uniform electron gas to give electron density of different spin functions 
resulting in better performance for systems with unpaired electrons. 
Generalized-gradient approximation (GGA) includes the gradient of the electron 
density in the exchange-correlation functional besides the electron density itself for a 
more accurate description of the electronic terrain when compared to the uniform 
electron density employed by LDA. Examples of these types of functionals are the 
Lee-Yang-Parr (LYP) functional[27] and the Perdew-Burke-Ernzerhof (PBE) 
functional[28]. Hybrid functionals like B3LYP[29] include exchange energy from HF as 
a component of the exchange functional and perform better for barrier height 
calculations. A further improvement by meta-GGA introduces the second derivative 
of the electron density for an even more comprehensive treatment of the exchange 
correlation functional. 
2.5.1 MPW1K[30] 
MPW1K is a hybrid GGA method; modified from the Pedrew Wang gradient 
corrected functional MPW1PW91[31]. It is parameterized to the experimental kinetics 
of a data set of 60 organic reactions. The one-parameter hybrid Fock-Kohn-Sham 
operator can be written as follows:  
F = FH + X FHFE + (1 ─ X) (FSE + FGCE) + FC  (2.14) 
where FH is the Hartree operator (i.e., the non-exchange part of the Hartree-Fock 
operator), FHFE is the Hartree-Fock exchange operator, X is the fraction of Hartree-
Fock exchange, FSE is Slater’s local density functional for exchange, FGCE is the 
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gradient correction for the exchange functional, and FC is the total correlation 
functional including both local and gradient corrected parts. The value of X is 
optimized to minimize the mean unsigned error for the experimental data set. 
2.5.2 M06-2X Minnesota functional[32] 
Developed by Truhlar and Zhao, this DFT functional is a hybrid meta-GGA method 
and has shown good performance for calculation of barrier height kinetics, main 
group thermochemistry, charge transfer interaction and non covalent interactions 
especially for organic compounds when benchmarked against other DFT methods. As 
the constraint of the uniform electron gas limit has been enforced for all M06 series 
when the electron density gradient approaches 0, the exchange correlation functional 
must adhere to the uniform electron density of LSDA. Moreover, the functionals are 
free from one electron self-correlation error. 
The local parts of the M06-2X functionals depend on three variables: spin density (ρσ), 















σ στ = ∑ ∇Ψ   (2.16) 
The terms in the functional include one working variable zσ, and two working 
functions γσ and hσ. 
( )2 233,5/3 5




= − =   (2.17) 
( ) ( )2, 1x xz zσ σσ σγ α= + +  (2.18) 
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 + + + = + +  
 
  (2.19) 
The M06 exchange functional includes the PBE exchange energy density (FxσPBE) and 
LSDA exchange functional components as shown in equation 2.20.  f(wσ) is a 
functional of the spin kinetic density and the spin density gradient. 
( ) ( ) ( )06 , ,LSDAMX PBEx x Xdr fF w xE zhσ σ σσ σσ σσ ρ ρ ε
 = +  
∇∑∫   (2.20) 
The M06 correlation functional as expressed in equation 2.21 includes the correlation 
functionals between electrons with same or opposite spin. Dσ is the self interaction 
correction factor that eliminates one electron self correlation. gαβ(xσ, xβ ) is a 
functional of the working function γσ. 
06M
C C C CE E E Eαβ αα ββ= + +   (2.21) 
( ) ( ), ,UEGC g he x x x drE zαβ αβα β αβαβ αβαβ = +  ∫  (2.22) 
( ) ( )( ),UEGC g dre x xE zh Dαα ααα αααα αααα σ= +∫  (2.23) 
The hybrid exchange-correlation energy (equation 2.24) includes the Hartree Fock 
exchange functional and the variable X is parameterized against a comprehensive 
experimental data set. 
06 061100 100
hyb HF M M
XC X X C
X XE E E E
 




2.5.3 Dispersion corrections for DFT methods 
DFT methods such as B3LYP have been known to be inadequate in describing long 
range interactions, being unable to correlate to the r-6 radial decay of interatomic 
attraction potential. Several corrections are available in augmenting existing DFT 
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methods (equation 2.25) to give a more accurate calculation of systems where 
dispersion interactions are critical such as aromatic π−π stacking, C-H−π and C-H−X 
interactions.  
DFT D KS DFT dispE E E− −= +                             (2.25) 
The four common approaches in enhancing DFT methods for dispersion are: (a) 
inclusion of a non-local dispersion term explicitly in the functional (vDW-DF[33]) (b) 
inclusion of an empirical atom pair dispersion term in the form of r-6 (DFT-D[34]) (c) 
parameterized functional to include dispersion (such as M06-2X) (d) one electron 
corrections (DCACP[35]). One of the most popular methods is the addition of the 









at atN N C f RsE R= = +
−
= ∑ ∑−                                                                      (2.26) 
where Nat is the number of atoms in the system, C6ij denotes the dispersion coefficient 
for atom pair ij, s6 is the global scaling factor, Rij is the interatomic distance between 
atom pair ij and fdmp is the damping function used to avoid near singularities at small 
R.  It has been parameterized to several DFT methods and has been shown to 
considerably improve their performance for system with significant dispersion 
interactions. These results are evident in the benchmarking studies of DFT methods 
with the Grimme dispersion correction term for a large data set of main group 
thermochemistry (atomization energies) and barrier heights[36]. However this 
empirical term only improve the performance of M06-2X slightly[36a]. M06-2X on its 
own is still a robust DFT method to handle organic systems and their kinetics with the 
long range interactions being well described. In chapter 5, the key transition states 
determining the kinetics of the guanidine catalyzed thiol-Michael reaction were 
benchmarked with different DFT methods to see the effect of dispersion and 
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robustness of the M06-2X method used in the thesis. Popular DFT methods such as  
B3LYP and PBE and their dispersion corrected counterparts B3LYP-D and PBE-D 
were chosen. ω-B97X-D[37] with the percentage HF exchange optimized at different 
atom pair distance and the inclusion of Grimme's dispersion correction, is shown to 
perform well for thermochemistry and barrier heights. It is also included in the 
benchmarking study. The limitation of M06-2X lies in its poor performance in 
handling transition metal systems which is evident in the benchmarking study 
mentioned previously[32a] in section 2.5.2. 
 
2.6 Solvation[22a] 
Solvation effects are a major influence on the stability of charged complexes and 
transition states and can result in a significantly different pathway being taken when 
compared to the gas phase kinetics. Solvation can be modeled explicitly, where the 
actual solvent molecules are included in the calculations or implicitly, where the 
solvent molecules are treated as point charges in a continuum. Due to the high 
computational cost of explicit solvation, implicit solvation is preferred if the solvent 
molecules are not involved in the mechanism of interest. When a molecule is solvated, 
the solvation potential energy entails the interactions with the solvent molecules for 
the molecule to attain its state, namely electrostatic, repulsion, dispersion and 
cavitation.  
Polarized Continuum Model[38] (PCM) implicit solvation treats the bulk solvent as 
point charges in a continuous dielectric field engulfing a parameterized nuclei centred 
cavity surrounding the solute. The surface of the cavity is treated like a continuous 
dielectric field and charges on the solute induce a polarization. The resulting 
polarization causes an electric field that affects the electron density of the solute. This 
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causes a change in the polarization induced and the process is reiterated with the field 
effects coupled in the Hamiltonian in a potential term until convergence of the 




 SMD utilizes similar description of the bulk electrostatics as PCM but with different 
solute cavities parameterized. The dispersion and cavitation terms differ with 
geometric dependent proportionality constants (atomic surface tensions) dependent on 
solvent accessible surface area of the solute. SMD solvation achieves better 
performance when benchmarked against existing implicit solvation methods like 
PCM and COSMO-RS[40].  
The standard-state free energy of solvation, which is the standard-state free energy of 
transfer from the gas phase to the condensed phase, can be separated into the 
following  
∆Gsolv = ∆GENP + ∆GCDS + ∆G°conc (2.27) 
The ENP subscript in equation 2.27 denotes the electronic (E), nuclear (N), and 
polarization (P) components of the free energy. The CDS subscript in equation 2.14 
emphasizes that the corresponding term is nominally associated with the free energy 
change associated with solvent cavitation (C), changes in dispersion (D) energy, and 
possible changes in local solvent structure (S). The ﬁnal term in equation 2.27 
accounts for the concentration change between the gas-phase standard state and the 
liquid phase standard state. Since here the same concentration (1 mol/L) is used in 
both the gaseous and solution phases, ∆∆G°conc is zero. 
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The bulk electrostatic formalism (similar to PCM) satisfies the non homogenous 
Poisson equation (NPE) in linear isotropic non homogenous medium as in most 
solvent system. 
∇ ∙(ε∇Φ) = −4πρf   (2.28) 
In equation 2.28, Φ is the scalar electric potential and ε is the relative permittivity of a 
dielectric media while ρf is the free charge density describing the charge density per 
unit volume of the solute in the medium. 
The NPE is coupled with the Hamilitonian so that effect of the solute polarization and 
the electric potential of the solvent continuum will be accounted for in the resultant 
wavefunction (hence electronic structure) and potential energy. The reaction field φ 
which is electric potential due to the polarized dielectric continuum and the 
polarization of the solute; equals the total potential Φ minus the electrostatic potential 
Φ(0) of the gas phase molecule. The electrostatic component of the free energy of 
solvation change can be obtained in the Hamilitonian through a self consistent manner 
from equation 2.29. 
(0) (0) (0)
(0)2 2 KEP K
e eG H Z Hϕ= − + −∑Ψ Ψ Ψ Ψ  (2.29) 
GEP is dependent on the solvent accessible surface (SAS) defined by the boundary 
between the solute cavity and the solvent continuum, defining the ρf of the NPE. This 
boundary is mapped by the superposition of atom centred spheres with radii ρf which 










∑                  (2.30)                                                                                          
where rm is the position of an element m of surface area on the solute-solvent 
boundary (termed tessarae), and qm is the apparent surface charge on element m. The 
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solvent probe radius is set to 0 and the mapped SAS is defined solely by the 
superposition of ρf (Figure 2.1). 
 
 
Figure 2.1 Mapped boundary surface for Electrostatic component and Cavity-
Dispersion-Structure components 
 
The GCDS contribution to the free energy of solvation entailing Cavity-Dispersion-
Solvent-Structure effect is described in equation 2.31.  
[ ] ,( ( ) ) ( ( ) )
atoms atoms
M
k s k sCDS k
k kk kZ ZG A R R r A R R rσ σ= + + +∑ ∑  (2.31)  
where σk and σ[M] are the atomic surface tension of atom k and the molecular surface 
tension, respectively, and Ak is the solvent accessible surface area (SASA) of atom k. 
The SASA depends on the geometry R, the set {RZk} of all atomic van der Waals 
radii (Bondi’s values), and the solvent radius rs (0.4 Å), which is added to each of the 
atomic van der Waals radii (Figure 2.1).  The van der Waals radii used in the SASA 
calculation are not the same as the intrinsic Coulomb radii used for GEP.  
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The atomic surface tensions are given by equation 2.32 where σZ is an atomic-
number-specific parameter, σZZ′ is a parameter that depends on the atomic numbers of 
atoms k and k′, and Tk({Zk′,Rk,k′}) is a geometry-dependent switching function called 
a cutoff tanh, or COT. 
'
, '({ , })k
atoms
k k k kk k
k kZZ Z T Z Rσ σ σ= + ∑  (2.32)   
The molecular surface tension is described empirical parameters in equation 2.33 
where ζγ accounts for the surface tension at the air solvent interface, ζφ  is the aromatic 
carbon parameter while ζψ consists of contributions from halogen atoms and , ζβ 
describes the hydrogen bond basicity parameter of the solvent.  
[ ] [ ] 2 [ ] 2 [ ] 2[ ]
0
( / ) ( ) ( ) ( )M
γ φ ψ βζ γ γ ζ φ ζ ψ ζ βσ = + + +  (2.33) 
The solvated Gibbs free energy of reaction obtained in the calculations is computed 
from employing Hess’s Law using the gas phase Gibbs free energy and adding it to 
the Gibbs free energy of solvation as indicated in Figure 2.2. 
( )
( )
( ) ( ) ( )
( ) ( ) ( )
















Figure 2.2. Hess cycle to obtain solvated Gibbs free energy of formation 
 
2.7 Transition state theory and enantioselectivity 
The reactants, intermediates and products are characterized by having no imaginary 
frequency in the vibrational spectrum calculation signifying a local minimum on the 
potential energy surface. The transition states (TS) on the other hand possess an 
imaginary frequency indicating that it is a maximum on the minimum energy pathway.  
 24 








= −  
 
 (2.34) 
In equation 2.34, kB is the Boltzman constant and R is the gas constant. Δ‡G° is the 
activation Gibbs free energy. 
The enantiomeric excess (ee) can be calculated from the reaction rates for different 









     (2.35) 
Due to the different energetic stability of the pre transition state complexes, the 
activation Gibbs free energy does not adhere to the trend of the relative energies of 
the TS to the reactants. The Curtin-Hammett principle[42] states that the product ratio 
(in this case enantiomers) formed from rapidly interconverting intermediates is 
dependent only on the Gibbs free energy difference of the transition states (∆∆G╪). 
The rates for the different pathways can be calculated from the relative energy for the 
TSs. Alternatively, we can use the relative population of the TSs to determine the 









=      (2.36) 
where Z is the partition function which is the sum of exponential of all states. 
 
2.8 Turnover frequency and the energetic span model[44]  
How fast a 1st order catalyst can catalyze the completion of a reaction (in steady state) 
within a period of time is defined by the turnover frequency of the cycle. The turnover 
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frequency (TOF) of the cycle, is described by the number of cycles (N) per catalyst 




=          (2.37) 
Using Arrhenius equation, we can use Boltzmann distribution of the pre transition 
state intermediate with respect to the reactants to find the rate of reaction and establish 
the relationship in equation 2.38 
aE E Eδ+ ∆ =       (2.38) 
where δE is defined as the energy difference between the summit and trough of the 
cycle (Figure 2.3). 
Using Eyring’s transition state theory, we can define the TOF in the energetic 
representation instead of the rates of the forward and backward reaction. 
‡
1/ ( )/i i iG RT I T RTB B
i
k T k Tk e e
h h
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Figure 2.3. Energy profile of a catalytic cycle 
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The rates of all the forward and backward transition of each intermediates and TS are 





















∑  (2.41) 
Where δG’ij= ΔGr if i ≥ j 
                    =   0   if i ≤ j 
This equation can be further simplified to equation 2.42 as the denominator is usually 
dominated by a single term in exothermal reaction (ΔGr < 0). 
/E RTBkTOF e
T
δ−=  (2.42) 
Where δE = TTDTS - ITDI               if TDTS appears after TDI                
                 =  TTDTS - ITDI + ΔGr  if TDTS appears before TDI 
The degree of TOF control determines which intermediate and transition state will 
affect the TOF most significantly and this is expressed by equations 7 and 8. The 
higher the XTOF , the stronger the influence a particular transition state or intermediate 
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∑    (2.44) 
Since TOF is defined as the number of catalytic cycles a particular pathway can 
complete within a period of time, the magnitude correlates directly to the proportion 
of product produced. Hence, by comparing the ratio of the TOFs of the pathway 
leading to the R product and that leading to the S product, we can determine the 
enantioselectivity of the reaction. The lowest energy TS and intermediates for each 
step are taken in each pathway for the calculation of the TOF. 
 
2.9 Atom in Molecules (AIM)[45] 
The AIM theory is based on the topical analysis of electron density by Bader and 
allows one to identify and characterize a bonding interaction between atoms through 
an analysis of the charge density ρ. The AIM analysis has been successfully employed 
to characterize hydrogen bonds and non-covalent interactions in a variety of 
molecular complexes, including hydrogen-bonded complexes. 
 In AIM topological analysis, hydrogen bond is characterized by a bond critical point 
(bcp) between the interacting hydrogen and hydrogen acceptor. The (ρ) value at the 
bond critical point is low, compared to typical covalent bond (usually in the range of  
0.007–0.035). In addition, the Laplacian of the charge density ( 2∇ ρ) at bcp is 
characterized by a positive value (represented closed-shell interaction), in contrast to 
the negative 2∇  ρ of a typical covalent bond. 
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Several theoretical studies[45a, 45b, 45d, 45e, 45g] have shown that the electron density ρ can 
be used to quantify the strength of the hydrogen bond. Hence the ρ value provides a 
useful indicator of the strength of hydrogen bond in the transition states. 
 
2.10  Natural Bonding Orbitals (NBO)[46] 
NBO decomposes the molecular orbitals into Lewis atomic orbitals and using these 
orbitals as a basis to resolve Lewis bonding and antibonding molecular orbitals. Using 
the off diagonal elements in the Fock matrix, the analysis of the donor and acceptor 
interactions of the bonding and antibonding Lewis molecular orbitals can be 
elucidated. Other analyses of the electronic structure like identifying resonance 
species, bond order and NMR diagnosis can be done with the manipulation and 
diagnosis of the Lewis atomic and bonding orbitals. 
The generation of the Lewis orbitals or Natural Atomic Orbitals (NAO) is achieved 
by using a first-order reduced density operator Γ,  
ΓΘk = pkΘk     (k = 1,2,...)  (2.45) 
where pk is the eigenvalue representing the population (occupancy) of the 
eigenfunction Θk for the molecular electron density operator Γ of Ψ where the 
occupancy of each orthonormal orbital Θk is optimized. The density operator is merely 
the 1-electron "projection" of the full N-electron probability distribution (given by 
|Ψ|2). 
Lewis bonding orbitals or Natural Bonding Orbitals (NBO) gives the most accurate 
possible Lewis-like description of the total N-electron density. They are constructed 
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from Natural Hybrid Orbitals {hA} (NHO)   which are composed from the linear 
combination of NAOs on the given center. 
hA = Σk akΘk(A)   (2.46) 
The non bonding 1-center "lone pair" NBOs nA composed of a single normalized 
NHO  
nA = hA   (2.47) 
whereas the 2-center "bond" NBOs ΩAB are normalized linear combinations of two 
bonding NHOs hA, hB,  
ΩAB = aAhA + aBhB   (2.48) 
where "polarization coefficients" aA, aB determine the character of the bond (ionic or 
covalent. Since aA2 + aB2 = 1, the bond can be designated to have covalent character  
(aA = aB) or ionic (aA >> aB). Each in phase NBO will have a corresponding 
antibonding out of phase  NBO Ω*AB . 
Ω*AB = aBhA − aAhB  (2.49) 
Natural Localized Molecular Orbitals { ωi }(NLMO)  resemble NBOs { Ωi } but with 
the electron delocalization of the antibonding NBOs { Ω*j } taken into account to 
describe the full electron pair. 
ωi = η[Ωi + Σj λi→j Ω*j] ,      (i = 1,2,...,N/2)     (2.50) 
The NLMOs are a complete orthonormal set consisting of both Lewis ωi's (equation 
2.50) and non-Lewis ω*j's (equation 2.51)  
 30 
ω*j = η[Ω*j + Σi λj→i Ωi] ,      (j = N/2 + 1,...)  (2.51) 
The Fock operator F in the basis of NBOs Ωi, Ω*j, the "unperturbed eigenfunctions" 
for the diagonal matrix ("unperturbed Hamiltonian") with orbital energies  
εi = <Ωi|F|Ωi>,     εj = <Ω*j|F|Ω*j>  (2.52) 
The off-diagonal element Fi,j = <Ωi|F|Ω*j> provides the "perturbation" to convert 
unperturbed eigenfunctions (NBOs) to final eigenfunctions (NLMOs) of the 2 x 2 F 
matrix. Using Rayleigh-Schrödinger perturbation theory[22c], the first-order 
approximation for eigenfunction ωi is  
ωi = Ωi + [Fi,j/(εi − εj)]Ω*j  (2.53) 
while the corresponding second-order energy lowering (for 2-electron occupancy) is  
ΔE(2)i→j = −2 Fi,j2/(εj − εi)  (2.54) 
From (2.31), the mixing coefficient λi→j is estimated as  
λi→j = Fi,j/(εi − εj) (2.55) 
and the occupancy transfer (charge transfer) Qi→j from the bonding NBO Ωi to 
antibonding NBO Ω*j is  
Qi→j = 2λi→j2 = 2 Fi,j2/( εi − εj)  = ΔE(2)i→j  (2.56) 
which indicates that the 2nd order perturbation energy from equation 2.54 gives the 
energy required for charge transfer. 
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2.11 Morokuma Energy Decomposition Analysis (EDA)[47] 
Morokuma EDA is used to examine the type and magnitude of intermolecular 
interactions between two substrate moieties. This approach has been applied to 
various systems to quantify the intermolecular interactions[47b], including water 
molecules, inorganic molecules, organic molecules and even proteins[47c]. 
Two interacting species are classified into two monomers and their interactions are 
elucidated using the monomer’s MO as the basis for the complex MO. Different types 
of interaction can be extracted by manipulation of the Fock matrix to act on the 
bonding and empty orbitals of the monomers as the basis.  The components of the 
interactions comprises of the following application to the monomers’ MO 
(i) Electrostatic:  the electrostatic  interaction  between  occupied  
MO’s which does not cause any mixing of  MO 
(ii)  Polarization:  the  interaction  which  causes  the  mixing  between  the 
occupied and vacant MO  within  each molecule.  
(iii) Exchange: the interaction between occupied MO which causes electron 
exchange and delocalization between molecules.  
(iv) Charge Transfer:  the  interaction which  causes intermolecular 
delocalization  by mixing  the  occupied MO’s  of  one molecule with  the  











Figure 2.4.  Interaction and mixing of MO via various types of interaction  
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2.12 CHarges from Electrostatic Potentials using a Grid based method 
(CHELPG) [48] 
The atomic charges are obtained by fitting into cubic grid system to reproduce the 
molecular electrostatic potential. CHELPG charges are frequently considered 
superior to Mulliken[49] charges as they depend much less on the underlying 
































The thiourea functional group has proven to be a robust building block of Brønsted 
acid catalysis, being employed in numerous bifunctional catalysts such as cinchona 
alkaloid derivatives[50] (3-1) and chiral thiourea amine catalysts[51] (3-2) as shown in 
Figure 3.1. Besides being a sole Brønsted acid catalyst by acting on the substrate 
itself, it can be incorporated with a Brønsted basic functional group to create a 
bifunctional catalyst and increase the substrate scope of catalyzed reactions. The 
functionalization of the thiourea into a chiral moiety serves to induce 























Figure 3.1 Chiral thiourea organocatalyst 
 
The Diels-Alder reaction has become a ubiquitous step in the total synthesis of many 
natural products[52] and pharmaceutical drugs[53]. The ability to create four chiral 
centres in a single step makes the Diels-Alder reaction an essential tool for the 
synthetic chemist. This has brought about continuing innovations in improving the 
rate and selectivity of this reaction through the application of catalysts. Metal 
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catalysts through its Lewis acidity, accelerate the reaction significantly. 
Organocatalysts operate using its Brønsted acidity, forming hydrogen bonds to 
accelerate the reaction. Both types of catalysts draw electron density away from the 
dienophile, lowering the LUMO of the dienophile hence improving the HOMOdiene 
and LUMOdienophile interaction. 
The thiourea functional group is employed for the hydrogen bond donor to the 
dienophile in numerous organocatalysts for Diels-Alder reaction. The utility of 
substituted phenyl rings were shown to catalyze the reaction at a faster rate than alkyl 
derivatives substituents. The position of an electronegative substituent was found to 















Scheme 3.1 Schreiner et al. thiourea catalyzed Diels-Alder reaction rate study 
 
The experimental kinetic study done by Wittkopp and Schreiner[54] (Scheme 3.1) 
investigated the effect of different substituents on the thiourea organocatalyst in the 
Diels-Alder reaction. The reaction rates and stereoselectivity of the products were 
compared for the different substituted thiourea derivatives catalyst and they found that 
phenyl substituted thiourea with trifluoromethane on both the ortho and para 
positions of the phenyl rings gave the fastest reaction rates. 
The mechanistic study in this chapter aims to elucidate the reasons how the 
substituents affect the reaction rates and stereoselectivity, validating the calculations 
with the experimental results of Wittkopp and Schreiner. The selectivity and rate of 
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the reaction were explored by locating the transition states (TS). The endo and exo 
selectivity was validated with computed activation barriers. Moreover the s-cis and s-
trans selectivity of the dienophile in the transition state was verified. The significance 
of the interaction between the sulphur atom of the thiourea and the hydrogen on the 
substituent such as the hydrogen on the phenyl rings is investigated. This interaction 
is abbreviated as the S-hydrogen bond in this chapter. The solvent effects on the rate 
are also explored using implicit solvation with the Polarizable Continuum Model[38]. 
The Diels-Alder reaction between the enone/ enal and the cyclopentadiene (CP) 
occurs through four possible transition states (Scheme 3.2) with Endo-s-cis (NC), 
Exo-s-cis (XC), Endo-s-trans (NT) and Endo-s-trans (XT) configurations. The role of 
the thiourea catalyst is to activate the dienophile through hydrogen bonding and 





Endo-s-cis Exo-s-cis Endo-s-trans Exo-s-trans  

























Scheme 3.3 Thiourea catalyzed Diels-Alder mechanism 
 
To investigate the effects of different substituents on the thiourea catalysis, the 
activation barrier of the transition states is compared to the experimental rate of the 
system. The thiourea catalysts investigated are listed in Figure 3.2 for methyl vinyl 
ketone (3-4a) and cyclopentadiene (CP) while only selected catalysts like 3-3e were 
calculated with the rest of the dienophiles in Figure 3.3 to compare with the 
experimental results on the selectivity. The experimental data of the rate of reaction 
are available for the catalyst 3-3a, 3-3c, 3-3d, 3-3e, 3-3f and 3-3g. These are used to 
correlate with the trend of the energy profile obtained by the DFT calculations and to 






























































3--4aa MVK 3--4b 3--4cc
 
Figure 3.3 α,β-unsaturated carbonyl dienophiles 
 
3.2 Computational Methods 
All calculations were done using Gaussian03 at the MPW1K[30] /6-311+g**//MPW1K 
/6-31g* level of theory for gas phase geometries. The vibration frequencies were 
calculated with MPW1K/6-31g* to verify the minima and transition states. The 
solvation effects were calculated using single point calculation at MPW1K/6-311+g** 
level using PCM with UAKS (United Atom Topological Model applied on radii 
optimized for the PBE1PBE/6-31G(d) level of theory.) used for the solute radii. 
Thermal correction obtained by frequency calculation at standard conditions 1 atm, 
298K was made to the energies. Population analyses were done using NBO (natural 
bond orbital). 
 
3.4 Results and Discussion 
3.4.1 Geometries of Transition States 
Transition states with endo-s-cis (NC), exo-s-cis (XC), endo-s-trans (NT) and endo-s-
trans (XT) were investigated. The calculated energies with solvation in chloroform 
over the range of catalysts were all in favour of the NC TS (Table 1). The higher 
endo selectivity is due to the secondary orbital interactions (SOI) which are evident in 
the NBO analysis which sees the donation of the C=C π orbital to the antibonding π* 
orbital of the carbonyl moiety. The catalyzed TS has an increase in the donor acceptor 
interaction energy (second order perturbation energy) for SOI compared to the 
uncatalyzed TS. One of the factors of higher cis selectivity is the greater stability of 
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the s-cis conformation (1.5kJ/mol lower than s-trans) of 3-4a. Moreover in the 
uncatalyzed TS, there is a stronger SOI than for the NT TS, as elucidated by the NBO 
analysis. The trend for 3-4a is that NC TS is the most stable TS for all the catalysts 
calculated.  
 
The orientation of the reactants to the catalyst was explored as the phenyl rings of the 
substituted thiourea are not planar as in the usual conjugated system. Using catalyst 3-
3a, the phenyl rings can be situated in the same plane or different plane in 3-TS3a1 
and 3-TS3a2 respectively (Figure 3.4). The TS had a lower activation barrier when 
the phenyl rings were orientated in the same plane (3-TS3a1) by 1.7 kJ/mol. For the 
catalyst 3-3e, 3-TS3e1 has the phenyl rings bending out of the plane of the paper and 
the reactants are situated beneath the bent plane. For 3-TS3e2, the CP is positioned 
behind the 3-4a, beyond the plane of the phenyl rings. In 3-TS3e3, the CF3 groups are 
directed away from the reactants, removing the possibility of any electrostatic 
interactions with the reactants. The solvated energy with indicates that 3-TS3e3 is the 
most stable transition state (Figure 3.5). This can be explained by less steric 
hindrance and electrostatic repulsion being experienced by the reactants positioned at 
the bent plane of the phenyl rings.  
 
The validity of the transition states obtained can be verified by the correlation to the 
experimental results for not just the rates of the reaction when 3-4a is employed as the 
dienophile but also the endo and exo selectivity when butenal and 2-methyl-propenal 
were used. With the catalyst 3-3e, higher endo selectivity was obtained for butenal (3-
4b) and higher exo selectivity was achieved for 2-methyl-propenal (3-4c). This can be 
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seen by the increase in energy difference in their corresponding endo and exo TS as 
observed in Table 3.1.  
  















3-TS3a1 0 kJ/mol 3-TS3a2 +1.7kJ/mol  
Figure 3.4 Catalyst 3-3a  orientation of phenyl rings in the TS 
 
Table 3.2. Solvated Phase Activation barrier for 3-4a 
 
 
Solvated phase activation 
barrier ( kJ mol-1) NC XC NT XT 
Uncatalyzed 3-4b 66.9 67.0 80.8 80.7 
3-3e  / 3-4b 65.0 69.2 84.9 86.7 
Uncatalyzed 3-4c 65.2 59.2 76.6 72.9 














uncatalyzed 59.2 7.62 61.6 66.7 6.78 77.9 
3-3a 56.4 10.5 61.1 80.6 8.83 69.4 
3-3b 53.6 10.5 60.0 65.0 8.87 73.4 
3-3c 53.1 10.4 58.8 64.7 9.08 72.7 
3-3d 53.0 10.6 57.4 64.1 9.41 71.2 
3-3e 52.0 10.5 57.2 60.6 9.46 60.7 
3-3f 53.9 10.5 56.8 63.6 9.46 72.5 
3-3g 50.6 10.7 56.1 59.2 9.0 65.2 
3-3h 47.0 9.98 54.4 72.4 8.83 62.7 

























3-TS3e3  0kJ/mol  
Figure 3.5 Orientation of the reactants to the catalyst 3-3e 
 
 
3.4.2 Effect of the substituents on the rate 
The increasing inductive effect of electron withdrawing groups (EWG) on the phenyl 
rings can be seen in both the lowering of the activation barrier and the binding 
energies by comparing the energies of 3-3c, 3-3d, 3-3e and 3-3g. This effectively 
lowers the energy profile of the TS due to this combined effect as seen in Table 3.4 
where the energies of the TS are taken with respect to the reactants. This correlates 
with the experimental results as the EWG causes the thiourea to be more electron 
deficient and increases its H donating capability which is reflected in the binding 
energies of the dienophile with the catalyst in Table 3.3. Consequently, the LUMO of 
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the dienophile is lowered and the stronger hydrogen bonding causes both the 
activation barrier and the binding energies to decrease.  Conversely, substitution of 
the EWG with electron donating groups (EDG) like methyl (1b) causes an increase of 
both the activation barrier and the binding energies. 
 
The para CF3 (3-3f) substituted phenyl exhibited stronger hydrogen bonding 
capability than the meta substituted phenyl thiourea derivative (3-3e). However it has 
a higher activation barrier which is attributed to larger steric interactions in the TS of 
3-3f. Comparison of the steric properties of the NC TS using NBO analysis of the pair 
wise steric exchange energy between the reactants and the catalyst and between the 
reactants themselves, the 3-3f NC TS is 1.42 kJ/mol higher in energy than that of 3-3e 
NC TS.  
 
The trend of the strength of hydrogen bonding with its increasing electron 
withdrawing substituents on the thiourea can be seen in Table 3.3. NBO analysis (2nd 
order perturbation energy) of the donor acceptor interaction energy which involves 
the donation from O lone pair orbital LP to N-H σ* shows that the interaction energy 
will increase as the hydrogen bonding becomes stronger. The increase in binding 
energies of the substrate and the decrease in the average bond length between the 
thiourea acidic protons and the carbonyl oxygen also indicate the increase in hydrogen 
bonding strength.  
Comparison of the alkyl substituted (3-3a) and the phenyl substituted thiourea 
derivatives shows that the higher s character of the phenyl rings compared to an alky 
group makes them inductively more electron withdrawing. Hence an alkyne 
substituted thiourea (3-3h) with an even higher s character than the phenyl ring lowers 
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the activation barrier even more significantly as seen in Table 3.2 and Table 3.3. The 
lowering of the LUMO by the EWG on the thiourea facilitates the electron transfer in 
the reaction and contributes to the lowering of the activation barrier.  
The trend that the increasing strength of the electron withdrawing groups on the 
substituted phenyl rings derivative will increase the hydrogen bonding strength of the 
catalyst is observed in the gas phase binding energy of the catalyst dienophile 3-4a 
complex. As expected, 3-3g complex has the lowest binding in the gas phase due to 
the two electron withdrawing CF3 groups on each of the disubstituted phenyl ring on 
3-3g compared with the other monosubstituted phenyl derivatives which has only one 
functional group on each phenyl ring. The binding energy of the urea complex (3-3i) 
agrees with experimental observation that urea is a weaker hydrogen bond donor than 
thiourea with a higher pKa. An anomaly appears in the solvated binding energies as 3-
3g does not possess the lowest solvated binding energy. This can be explained by the 
stronger interaction of 3-3e with the solvent atoms which causes the solvated catalyst 
to be lower in energy, resulting in a higher binding energy (EBE = Ecomplex – Edienophile – 
Ecat). However the lower solvated binding energies does not affect significantly the 
activation barrier or the energy profile of the reaction as the TS of 3-3g still possesses 
the lowest energy profile amongst all the substituted phenyl thiourea derivatives as 














 Table 3.4 Solvated phase activation barrier w.r.t reactants for 3-4a 
 
3.4.3 S-H hydrogen bond effect on the catalyst 
Schreiner et al. claimed that the S-H interaction between the C-H of the phenyl ring 
and the S of thiourea will influence the rigidity of the catalyst hence increasing the 
rotational barrier. This will result in a lower entropy loss during binding hence 
making the phenyl substituted thiourea more effective.  
However NBO analysis indicates that there is no S lone pair donation to the C-H σ* 













 / Å 
O LP  




uncatalyzed - - -1.01 - - 
3-3a -24.9 1.2 -1.85 2.10 12.2 
3-3b -33.3 -4.0 -1.89 2.01 18.2 
3-3c -34.2 -4.8 -1.93 2.01 18.4 
3-3d -35.8 -6.4 -2.07 2.00 19.1 
3-3e -38.9 -6.8 -2.20 2.00 19.1 
3-3f -40.9 -7.5 -2.23 2.00 20.3 
3-3g -47.2 -6.7 -2.33 1.98 21.9 
3-3h -43.8 -15 -2.10 1.97 20.8 
3-3i -33.3 -3.87 -1.90 2.04 15.5 
Solvated phase 
activation barrier  
(kJ mol-1) 
NC XC NT XT 
uncatalyzed 59.2 61.6 66.7 77.9 
3-3a 57.5 62.2 78.8 67.7 
3-3b 49.6 56.0 60.3 68.7 
3-3c 48.2 53.9 59.0 66.9 
3-3d 46.6 51.0 56.8 63.9 
3-3e 45.2 51.9 55.7 63.0 
3-3f 46.4 49.3 54.1 63.1 
3-3g 43.9 49.5 51.0 57.0 
3-3h 31.0 38.4 54.1 44.4 
3-3i 51.0 56.6 60.6 71.0 
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This is also indicated by the longer S and H distance in the thiourea phenyl derivative. 
On the contrary, catalyst 3-3a exhibits S-H interaction in the 2nd order perturbation 
energy and a shorter bond length between the S and the nearest proton and the 
strongest S-H interaction when compared to the phenyl derivative catalysts. S-H 
interaction and the rigidity of the catalyst are not critical in determining the 
effectiveness of the catalyst. Catalyst 3-3i which is the urea derivative has the shortest 
S hydrogen bond distance and there is S-H interaction detected in the NBO analysis. 
The catalyst is planar and possesses more rigidity but its activity is much lower than 
that of the thiourea derivatives. Hydrogen bonding strength seems to be the 
determining factor for the catalyst activity rather than the rigidity of the catalyst. 










The strength of hydrogen bonding is one of the essential factors in determining the 
activity of the catalyst and the electronegativity of the substituents on the thiourea 
increases the strength of the interaction. Besides lowering the activation barrier, 
hydrogen bonding also decreases the overall energy profile of the reaction through 
lowering the binding energy. Steric interactions are the next critical factor in 
influencing the hierarchy of the rate of the catalyst. 
Catalyst  
S-hydrogen bond 
length to nearest H  
on substituent / Å 
S LP -> C-H σ* 
 /kJ mol-1 
3-3a 2.68 3.51 
3-3b 2.78 - 
3-3c 2.79 - 
3-3d 2.72 - 
3-3e 2.8 - 
3-3f 2.76 - 
3-3g 2.78 - 
3-3h 4.68 - 
3-3i 2.17 2.89 
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S-H interactions and the rigidity of the system are not crucial in determining the 
reaction rate and they are not significant in the phenyl substituted thiourea derivatives. 
Meta substitution on the phenyl rings gives a lower activation barrier and a faster rate 
of reaction when compared to para substituted phenyl group even though it does not 


























Sequential bifunctional bicyclic guanidine catalysis of the 
asymmetric phospha-Michael reaction  
___________________________________________________ 
 
4.1 Phospha-Michael reaction 
Phospha-Michael reaction represents one of the most important routes for 
constructing carbon-phosphorus bond in the synthesis of organophosphorus 
compounds[55]. The importance of organophosphorus compounds can be seen in its 
ubiquitous utility as reagents in organic synthesis[56], nucleophilic[57] and Brønsted 
acidic[58] organocatalysts, chiral ligands for transition metals[59] and 
peptidomimetics[60]. Organocatalysis[55a] provides an efficient approach to generate 
chiral organophosphorus compounds. One of the most robust organocatalysts for the 





















Scheme 4.1 Bicyclic guanidine catalyzed phospha-Michael reaction reported by Tan 
and coworkers 
 
In 2007, Tan et al. reported the use of a Brønsted base bicyclic guanidine catalyst for 
phospha-Michael reaction[21b] between aromatic phosphine oxides and nitrostyrene 
(Scheme 4.1).[9] Remarkable enantioselectivity of up to 99% ee has been observed, 
using 10 mol % catalyst loading. 
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4.2 Computational methods 
The gas phase geometries were optimized with M06-2X/cc−pVDZ. Frequency 
calculations were subsequently performed to characterize the optimized geometries 
and obtain thermal correction terms at the experimental temperature, namely 233.15 
K. Higher level calculations and SMD[39] solvation calculations were performed using 
M06-2X/cc−pVTZ. All energies in the energy profiles are reported using solvated 
Gibbs free energies. Hydrogen bonding and intermolecular interactions are 
characterized by bond lengths, electron density AIM[45i] analysis and Morokuma 
EDA[47a]. Atomic charges were obtained from CHELPG charges[48]. 
 
4.3 Mechanism and bifunctional role of  the catalyst 
The elucidated mechanism (Figure 4.1) of the catalyzed phospha-Michael reaction 
has three catalytic stages which correspond to the three transition states: (1) phosphine 
oxide tautomerization, (2) phospha-Michael addition and (3) nitronate protonation. 
The bifunctional activation of the bicyclic guanidine is employed in all three catalytic 
stages, serving as both a Brønsted base and a Brønsted acid in the resultant concerted 
transition states.  
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Figure 4.1 Catalyzed Phospha-Michael Mechanism 
 
The guanidine catalyst initially forms complex 4-2 with the phosphine oxide before 
catalyzing the tautomerization (4-TS3) to form phosphinic acid in complex 4-4 which 
is the active intermediate. The nitrostyrene hydrogen bonds to the bifunctional 
guanidine in the phosphinic acid to form pre transition state complex 4-5 before 
undergoing the phospha-Michael conjugate addition (4-TS6) to  afford the nitronate 
complex 4-7. The nitronate is subsequently protonated (4-TS8) to generate the 
catalyst and the phospha-Michael product. 
 
4.4 Phosphine Oxide Tautomerization 
The uncatalyzed tautomerization occurs either via 1-2 hydrogen shift (4-TS10) or 
through the concerted proton exchange of the phosphine oxide dimer (4-TS11) to 
form the phosphinic acid dimer. The direct intramolecular hydrogen transfer via 
transition state 4-TS10 (Figure 4.2), is calculated to have a very high activation 
barrier of 249 kJ mol-1. Previous theoretical study has shown such 1,2-H migration to 
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be a forbidden process[61]. The intermolecular proton transfer of the phosphine oxide 
dimer is more favourable kinetically with a considerably lower barrier of 117 kJ mol-1.  
 
 
Figure 4.2: Catalyzed and uncatalyzed phosphine oxide tautomerization solvated 
Gibbs free energies profile at 233.15 K. Filled bars indicate the catalyzed pathway. 
Blank bars indicate the uncatalyzed dimer pathway while shaded bars are the 1-2 H 
shift pathway. Bond distances are given in Å. 
 
The guanidine bifunctional activation significantly improves the kinetics of the 
phosphine oxide tautomerization 4-TS3 with just a barrier height of 57 kJ mol-1. The 
bifunctional guanidine enables a simultaneous proton abstraction from the phosphine 
oxide (P-H) and hydrogen donation by the catalyst (N-H) to the oxygen moiety of the 
phosphine oxide. Hence, we conclude that the bicyclic guanidine plays a vital role in 
the first stage of the catalytic cycle in converting phosphine oxide to phosphinic acid 
for the subsequent C−P bond formation. 
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4.5 Uncatalyzed phospha-Michael reaction 
Three pathways are possible in the uncatalyzed phospha-Michael reaction. The 
concerted one step pathway (Figure 4.3) sees the C−P bond formation and hydrogen 
transfer from the phosphonic acid O-H to the α-carbon of the transient nitronate 
concurrently in 4-TS12 to afford the phospha-Michael product. The two step 
concerted mechanism (Figure 4.4) in 4-TS13 forms the C−P bond while the proton 
transfer from the phosphinic acid goes towards the nitronate oxygen to from the azinic 
acid. The proton is later transferred via a 1-3 hydride shift in 4-TS15 to the α-carbon 
to give the product. The stepwise mechanism (Figure 4.4) in 4-TS16 forms the C−P 
bond to give the nitronate before proceeding to 4-TS18 to form the product via the 
phosphinic acid proton transfer to the nitronate α-carbon. Compared with the most 
favourable catalyzed route, the lowest uncatalyzed pathway (concerted 4-TS12) is 
~20 kJ mol-1 less stable (Figure 4.3). This indicates the preference for the catalyzed 






Figure 4.3 Solvated Gibbs free energy profiles for the uncatalyzed and catalyzed 
phospha-Michael reactions. Blank bars indicate the concerted uncatalyzed pathway 
while filled bars show the catalyzed pathway. Bond distances are given in Å. 
 
 
Figure 4.4. The solvated Gibbs free energy profiles for the uncatalyzed two step 
phospha-Michael reaction. Blank bars indicate the azinic acid pathway while the filled 
bars depict the stepwise mechanism.  
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 Figure 4.5 Optimized (M06-2X/cc−pVDZ) geometries of complexes 4-5-R and 4-5- 
S. Bond distances are given in Å. 
 
4.6 Enantioselective phospha-Michael conjugate addition 
4.6.1 Pre-transition state complex 
In the second stage of the catalytic cycle, the phosphinic acid-guanidine complex 4-4 
interacts with nitrostyrene to from an intermediate complex 4-5, which is stabilized by 
dual hydrogen bonds and π-π interaction between nitrostyrene and phosphinic acid 
(see Figure 4.5). The interaction distance between the two aromatic rings is ~3.25 Å. 
This pre-transition state complex (4-5) serves an essential role in bringing the 
Michael donor and acceptor to close proximity with the correct orientation for the 
carbon-phosphorus bond formation process, via transition state 4-TS6 (Figure 4.1). 
This transition state involves a concerted C−P bond formation and proton abstraction 
of phosphinic acid by the guanidine catalyst, which leads to an ion-pair complex 4-7 
(Figure 4.1) between the phosphine oxide nitronate ion intermediate and the 
guanidinium catalyst. 
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Figure. 4.6 HOMO and LUMO of pre-transition state complex 4-5-R. 
 
The effect of the bifunctionality of the guanidine catalyst can be seen in the HOMO 
and LUMO energies of the reactants and pre-transition state complex 4-5. The 
guanidine catalyst raises the HOMO of the phosphinic acid tautomer by 0.61 eV (for 
both 4-5-R and 4-5-S), which activates the nucleophile. Concurrently, the catalyst 
lowers the LUMO of nitrostyrene by 0.12 eV (for both 4-5-R and 4-5-S), which 
increases the electrophilicity of nitrostyrene. The HOMO and LUMO of 4-5-R are 
depicted in Figure 4.6. This dual activation facilitates the electron transfer in the C–P 
bond forming process. The bicyclic guanidine catalyst serves as a hydrogen-bond 






Figure 4.7 Chirality of the catalyst 
 
 
4.6.2 Chirality of the catalyst 
Since the pre-TS complex 4-5 does not exhibit a preference for the Re or Si face for 
the nucleophilic attack as they both have the same energetic stability (Figure 4.5), the 
assembly of the Michael donor and acceptor and the bicyclic guanidine catalyst in the 
C–P bond forming transition state (i.e. 4-TS6) is critical. The symmetry and chirality 
of the guanidine catalyst can be visualized with reference to the plane of the bicyclic 
ring. In the optimized geometry of the bicyclic guanidine, the acidic N–H proton is 
signiﬁcantly nonplanar and orientated away from the neighbouring t-butyl group 
(Figure 4.7). This structural feature is observed in the X-ray crystal structure of α,α,β-
triphenyl substituted-bicyclic guanidine, synthesized by Ishikawa et al[16d]. 
The geometry of this bicyclic guanidine crystal is readily reproduced by the M06-
2X/cc-pVDZ level of theory, with small mean unsigned error for the computed bond 
lengths and bond angles (Table 4.3). In particular, the orientation of the N–H proton 
is reproduced. It is important to note that the face containing the N–H proton is 
sterically less hindered than the opposite face as understood by comparing the 
distances between the hydrogen and the tertiary carbon of the opposite t-butyl group 
(see Figure 4.7). Thus, the bicyclic guanidine molecule is slightly distorted from the 
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expected C2 symmetry. The orientation of the N–H acidic proton and the differential 
face steric hindrance are important factors inﬂuencing the asymmetry of the 
enantioselective step. The geometry and steric hindrance of the two t-butyl groups of 
the guanidine catalyst will determine how the two reactants (i.e. phosphinic acid and 
nitrostyrene) align in the C–P bond forming transition state.  
 
4.6.3 Bifunctional role in phospha-Michael conjugate addition 
It is possible for either of the reactants to be activated through hydrogen bonding for 
the transition state as seen in Figure 4.8. Brønsted base monofunctional activation (4-
TS6e-R and 4-TS6k-S) sees only the phosphinic acid hydrogen bond to the guanidine 
(Figure 4.9) while in the Brønsted acid monofunctional activation (4-TS6f-R and 4-
TS6l-S), only the nitrostyrene hydrogen bonds to the catalyst while the phosphinic 




Figure 4.8 Solvated Gibbs free energy profiles for the bifunctional and 
monofunctional activation of the phospha-Michael conjugate addition. Filled bars 
show the bifunctional activation while blank bars show the Brønsted base 
monofunctional activation. Faded bars indicate the Brønsted acid monofunctional 
activation. 
 
Both pre-TS complex and TSs are energetically unfavourable through this type of 
monofunctional activation when compared to the most favourable bifunctional 
pathway. Moreover there is no enantioselectivity in the R or S TS in the 
monofunctional activation as the TS are all much higher in energy (20 – 30 kJ mol-1) 
than the lowest bifunctional R pathway (4-TS6a-R); hence they will have no 
significant effect on the enantiomeric outcome. This reiterates the importance of 






Figure 4.9 Brønsted base monofunctional activated phospha-Michael TS. Bond 




Figure 4.10 Brønsted acid monofunctional activated phospha-Michael TS. Bond 
distances are given in Å. 
 
 
4.6.4 Enantioselectivity in bifunctional activation of phospha-Michael conjugate 
addition 
Due to the bifunctional mode of activation, the guanidine catalyst is expected to 
interact with both reactants simultaneously via hydrogen bonds in the transition state. 
To gain access to the β carbon for the nucleophilic attack, the forming C–P bond 
length is estimated to be approximately 2.24 Å, as inferred from C–P distance in the 
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uncatalyzed transition state (Figure 4.3). Based on these two geometrical 
requirements together with the steric constraint imposed by the two bulky t-butyl 
groups, the two reactants are most likely to align in opposite faces of the bicyclic ring 
plane in 4-TS6. Two possible alignments are envisaged: A and B (Figure 4.11). 
 
 
Figure 4.11 Top and side view of Alignment A and B 
 
 
Figure 4.12 s-trans or s-cis hydrogen bonded nitrostyrene 
 
 
Various possible conformations of 4-TS6 were then obtained by varying the dihedral 
angle of the forming C–P bond, i.e. the 4 atoms of both unsaturated carbons on 
nitrostyrene and the phosphorus and oxygen atoms on phosphinic acid, systematically 
while keeping the dual hydrogen bonds with the catalyst. For both alignments A and 
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B, nitrostyrene can form hydrogen bond with the guanidine N–H proton with either 
oxygen atom of the nitro group: s-cis or s-trans with respect to the C–C double bond 
(Figure 4.12), which exposes the Re or Si face, respectively, for the nucleophilic 
attack. A total of four R-inducing ({4-TS6a to d}-R) and four S-inducing ({4-TS6g to 
j}-S) transition states were located. The optimized geometries of these eight 4-TS6 
transition states are given in Figure 4.16. The stability of various transition states is 
determined predominately by the hydrogen bonding interactions and the steric 
repulsion with the catalyst and these factors essentially inﬂuence the final 
enantiomeric outcome of the catalytic phospha–Michael reaction. 
 
 
Figure 4.13 Steric hindrance encountered by both reactants in alignment B when 
forming the C−P bond transition state. 
 
Transition states with alignment B (Figure 4.11) is expected to be less favourable as 
both nitrostyrene and phosphinic acid will encounter greater steric hindrance within 
the range of the nucleophilic attack (see Figure 4.13). Moreover, the bulky 
phosphinic acid is in the plane where there is severe steric interaction. As a result, the 
hydrogen bonds between the catalyst and both reactants are compromised. 
Furthermore, the geometry of the guanidine N–H proton causes the nitrostyrene in 
alignment B to be further away from the range of the phosphinic acid where its steric 
repulsion is minimized. This is exempliﬁed in Figure 4.14 by comparing 4-TS6a-R 
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(with alignment A) in Figure 4.16 and 4-TS6i-S (with alignment B) in Figure 4.17 
where both possess the s-cis nitrostyrene hydrogen bonding. The reactants encounter 
greater steric interactions with the catalyst in order to achieve the proximity required 
for the transition state in 4-TS6i-S, which leads to its energetic instability compared to 
4-TS6a-R. For instance, the closest H-H distances between the catalyst and 
nitrostyrene are 2.75 and 2.40 Å for 4-TS6a-R and 4-TS6i-S (Figure 4.14). 
Additionally, the compromised hydrogen bonding can be seen in the longer hydrogen 
bond length in 4-TS6i-S.  
 
   
  4-TS6a-R     4-TS6i-S 
 
Figure 4.14. Closer proximity to t-butyl groups in alignment B (phosphinic acid is 




Figure 4.15 Hydrogen bonding is compromised to form the TS due to the geometrical 
orientation of the hydrogen bonded s-trans conformation of nitrostyrene. Aromatic 








Figure 4.16 4-TS6-R structures, side views of the reactants alignment and 
nitrostyrene hydrogen bonding conformation. TS energies are all relative to 4-TS6a-R. 




Figure 4.17 4-TS6-S structures, side views of the reactants alignment and 
nitrostyrene hydrogen bonding conformation. TS energies are all relative to 4-TS6a-R. 




 Figure 4.18 Gibbs free energy profiles for the bifunctional catalyzed phospha-
Michael reaction. Filled bars signify the R enantiomeric pathway while the blank bars 
show the S enantiomeric pathway. 
 
For the transition state with alignment A, the selectivity of Re or Si face is determined 
mainly by which oxygen atom is involved in the hydrogen bond of nitrostyrene with 
the catalyst. The two different modes of nitrostyrene hydrogen bonding are labeled s-
cis and s-trans (Figure 4.12) with respect to the single bond between the conjugating 
α,β unsaturated double bond and the binding N–O bond. In the case of s-trans 
hydrogen bond, the electrophilic β- carbon is significantly further away from the 
nucleophilic phosphorus atom. For both reactants to stay within the range of 
nucleophilic attack (i.e. C–P bond formation) in the transition state, either the 
phosphinic acid or nitrostyrene moiety has to move to a less favourable position 
(Figure 4.15). Either of these geometry adjustments will lead to weakening of the 
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hydrogen bonds and result in a less stable transition state. This difference is illustrated 
by comparing 4-TS6a-R and 4-TS6j-S (Figures 4.16 and 4.17), where both transition 
states adopt alignment A but with different modes of nitrostyrene hydrogen bonding. 
4-TS6j-S adopts the s-trans nitrostyrene hydrogen bonding and the phosphinic acid 
has a signiﬁcantly longer hydrogen bond length than that in 4-TS6a-R (1.62 vs. 1.53 
Å). The same trend is observed for the hydrogen bond length of the nitrostyrene with 
the catalyst (1.81 vs. 1.74 Å). Furthermore, the β-carbon is less accessible to the 
phosphorus in transition states with s-trans hydrogen bond. 4-TS6j-S is less stable 
than 4-TS6a-R by 26 kJ mol-1 (Figures 4.16 and 4.17). The preference for s-cis 
nitrostyrene hydrogen bond and the favorable orientation of reactants in alignment A 
lead to the preference of Re face attack. Thus, 4-TS6a-R which possesses such 
geometry is the lowest in energy among the various 4-TS6 conformations considered. 
 
4.6.5 AIM analysis 
Using AIM analysis, the hydrogen bonding strength in various 4-TS6-R and 4-TS6-S 
transition states (Figures 4.16 and 4.17), is characterized by the magnitude of charge 
density ρ at the bond critical point (Table 4.4). As evidenced in this Table, the ( 2∇  ρ) 
values are positive, consistent with systems with a typical hydrogen bond. The trend 
of hydrogen bonding interaction is reﬂected in the computed ρ values in Table 3.2 and 
correlates with the hydrogen bond length as shown in Figures 4.16 and 4.17. The 
strongest N–H∙∙∙O hydrogen bond occurs in 4-TS6a-R, which is the most stable C–P 
bond forming transition state. Another key hydrogen bond involves interaction 
between the oxygen lone pair of nitrostyrene with the phosphinic acid proton. As 
evidenced in Table 4.4, other weaker C–H∙∙∙X interactions are also present, such as 
aromatic C–H (from phosphinic acid) interaction with the nitrostyrene, t-butyl C–H 
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interaction with the nitro group or the phosphinic acid O moiety and vinylic or 
aromatic C–H (from nitrostyrene) interaction with the catalyst’s basic N moieties. 
These weaker but signiﬁcant hydrogen bonds will aid in the stabilization of the 
transition state and are important in understanding the relative stability of various 
transition states. Overall, the hydrogen bond between nitrostyrene and the guanidine 
N–H moiety is a critical factor governing the stability of the enantioselective step of 
the concerted C–P bond forming and deprotonation transition state (4-TS8). 
 
4.6.6 Morokuma EDA 
Morokuma–Kitaura energy decomposition analysis (EDA) was employed here to 
examine the type and magnitude of intermolecular interactions between two substrate 
moieties. The trend in the Morokuma energy decomposition analysis (Table 4.5) of 
the two most stable R-and S-inducing transition states conﬁrms the preference of 
alignment A and s-cis nitrostyrene hydrogen bonding. Here, the dispersion energy is 
estimated by taking the difference between the Hartree–Fock and the MP2 energies. 
As evidenced in Table 4.5, the total interaction energies between the reactants and the 
catalyst, with both reactants treated as one monomer, correlate well with the trend of 
the stability of the transition state. The polarization and charge transfer interaction 
energies can be attributed to the hydrogen bonding interactions as the ﬁlled orbital of 
one monomer donates electrons to the empty orbital of the other (charge transfer) or 
within itself (polarization). Transition states with alignment A (i.e. 4-TS6a-R and 4-
TS6h-S) have greater polarization and charge transfer interaction energies when 
compared to those with alignment B (i.e. 4-TS6d-R and 4-TS6i-S). This trend in 
polarization and charge transfer interaction energies is further conﬁrmed in the energy 
decomposition analysis of phosphinic acid with the catalyst (Table 4.6) where 
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nitrostyrene is removed in the transition state and the tautomer is treated as a 
monomer. The important role of the nitrostyrene hydrogen bonding mode in 
stabilizing the transition state is modeled by using nitrostyrene as a monomer (with 
phosphinic acid moiety removed from the transition state) and computed its 
interaction with the guanidine catalyst (Table 4.7). Polarization and charge transfer 
interaction energies are signiﬁcantly stronger for 4-TS6a-R and 4-TS6i-S (with s-cis 
hydrogen bond) compared to 4-TS6d-R (with s-trans hydrogen bond). Moreover, 4-
TS6h-S nitrostyrene bidentate hydrogen bonding (Table 4.7) considerably weakens 
the interaction with the catalyst but optimizes the phosphinic acid hydrogen bonding 
(Table 4.6). This is reflected in the hydrogen bond length. This gives insight on the 
instability of 4-TS6h-S when compared to 4-TS6a-R but makes it energetically more 
favourable than 4-TS6i-S. In summary, the most favourable calculated transition 
states correspond to the formation of R enantiomer, in pleasing accord with the 
observed enantioselectivity. 
 
4.6.7 Energetic preference and enantioselectivity 
Among all the transition states examined, 4-TS6a-R has the lowest activation energy, 
∆G‡233= 43.0 kJ mol-1 with respect to phosphine oxide + nitrostyrene + guanidine 
catalyst (Figure 4.18). The trend of the computed relative free energies of various 4-
TS6 transition states (Figure 4.18) correlates well with the experimental ﬁnding that 
the bicyclic guanidine- catalyzed phospha–Michael reaction favours the R enantiomer. 
The lowest S-inducing transition state (i.e. 4-TS6h-S) lies 7 kJ mol-1 higher in energy 
than 4-TS6a-R.  Using the Curtin-Hammett principle which states that the relative 
difference in the TS energies (∆∆G‡) will determine the selectivity of the product, the 
ee can be calculated by this energy difference. Using transition state theory or 
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Boltzmann distribution will yield the enantiomeric excess of 95 % which is a good 
approximation to the experimental ee of 91 % for this system.  
 
4.7 Protonation Step  
In the ﬁnal stage of the catalytic cycle, abstraction of the N–H proton from the 
guanidine catalyst by the nucleophilic α carbon of the nitronate yields the ﬁnal 
Michael addition product. The transition states leading to R and S enantiomers are 4-
TS8-R and 4-TS8-S, respectively. In the nitronate guanidinium complex 4, there is a 
monodentate hydrogen bond between the guanidinium N-H and both the phosphine 
oxide moiety and the nitro group. The geometry of complex 4-7 sets up the proximity 
for the proton transfer. Both transition states 4-TS8-R and 4-TS8-S are close in 
energies. This final proton transfer step is predicted to have a signiﬁcantly lower 
activation barrier than the previous C–P bond forming step (see schematic energy 
diagram Figure 4.18). This clearly shows that this ﬁnal step does not have a major 
energetic effect on the stereochemical outcome of the phospha–Michael product. In 
both 4-TS8-R and 4-TS8-S, the N–H proton of the catalyst forms hydrogen bond with 





Figure 4.19 Structures of protonation step. Bond distances are given in Å. 
 
4.8 Catalyst modification to enhance enantioselectivity 
The steric influence of the catalyst affects the hydrogen bonding strength in the 
transition state which correlates with the energetic stability. This determines the 
selectivity for the Re TS in alignment A and s-trans nitro hydrogen bonding which 
minimizes steric interaction and optimizes hydrogen bonding. By increasing the steric 
demand in the catalyst, we can increase the R enantioselectivity for the phospha-
Michael reaction. Bulkier substituents than t-butyl was utilized to amplify the 
energetic difference between 4-TS6a-R and 4-TS6h-S (Figure 4.20). The lowest R 
(4-TS6a-R) and two lowest 4-TS6-S (4-TS6h-S and 4-TS6i-S) geometries were 
optimized for the three different substituents on the catalyst (Figure 4.21).  The 
longer Si-C bond (1.90 Å vs 1.54 Å C-C) was introduced via trimethyl-silyl (TMS, 4-
19) and triisopropyl-silyl substituents (TIPS, 4-20) to increase the range of steric 
restriction in the binding site. This however was not successful for the TMS 
substituent as the longer Si-C bond decreased the steric influence as shown by the 
longer distance between the nearest protons from the opposite SiMe3 group in the 
corresponding 4-TS6a-R-TMS (Figure 4.20). This is reflected in the ∆∆G‡ between 
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the R and the S TS with lower enantioselectivity due to the reduction in steric 
restriction (Table 4.1). The orientation of the bulkier adamantine (AD, 4-21) away 
from the hydrogen binding site of the catalyst results in the lack of distinct selectivity 
towards the R enantiomer as shown in the proton distance in Figure 4.20. The most 
effective modification can be seen in 4-20 (Figure 4.20 and Table 4.1). The steric 
restriction is greatly increased by the longer Si-C bond and three isopropyl groups, 
giving an increase in the energy gap by 11 kJ mol-1 between the R and S 
enantioselective TS. The trend of increasing the steric demand of the catalyst to 
induce a higher selectivity for the alignment A is witnessed in the energetic 
preference of 4-TS6a-R-TIPS over 4-TS6h-S-TIPS. The hydrogen bonding of the β 
carbon proves to be significant in 4-TS6a-R-TIPS in further activating the 
electrophile and stabilizing the TS. The electron donating alkyl silyl group increased 
the Brønsted basicity of the catalyst as shown in the CHELPG charges (Table  4.2). 
Consequently it lowers both tautomerization TS  (4 kJ mol-1) and the phospha-
Michael TS (5 kJ mol-1) when compared to the original t-butyl catalyst with respect to 
the energies of phosphine oxide + nitrostyrene + respective catalyst. This dual effect 
will increase both the rate and enantioselecivity of the reaction making it highly 
desirable. 
 
Table 4.1 Relative solvated Gibbs free energies of the corresponding phospha-
Michael TS for the modified catalyst, energies given in kJ mol-1 
 
Catalyst 4-TS6a-R-X 4-TS6h-S-X 4-TS6i-S-X 
    
4-1 0.0 7.1 8.9 
    
4-19, X=TMS 0.0 1.7 0.6 
    
4-20, X=TIPS 0.0 14.7 11.2 
    





Figure 4.20 Substituent modifications of 4-1 and its geometry in 4-TS6a-R-X with 




Figure 4.21 The lowest energy R and S 4-TS6 for modified catalysts. Bond distances 








Table 4.2 Gibbs free energies of TS w.r.t reactants and respective catalyst in kJ mol-1 
and CHELPG atomic charges of the activated reactants in the TS 
 
TS 4-TS3 4-TS3-TIPS 4-TS6a-R 4-TS6a-R-TIPS 
∆G233 (s) w.r.t 
reactants + 
catalyst 
56.7 52.5 43.4 38.1 
     
Charge on O  
of phosphine 
oxide 
-0.565 -0.606   
     
Charge on P +0.331 +0.345 +0.393 +0.219 
     
Charge on β 
C of 
nitrostyrene 
  +0.333 +0.444 
 
The modified catalyst can be used to widen the substrate scope of the catalyst to 
reactants of less steric demand. Application of the enhanced catalyst to nitroethene 
improves the enantioselectivity of the catalyst as seen in Figure 4.22. The 
improvement in the energetic preference is approximately 40 % as reiterated in the 
enhancement of the ∆∆G‡ of the original reactants. This again demonstrates the 












Figure 4.22 Structures and relative solvated Gibbs free energies of phospha-Michael 
TS of nitroethene and diphenyl phosphine oxide. Bond distances are given in Å. 
 
4.9 Conclusions 
DFT calculations elucidated the mechanism of the phospha-Michael reaction between 
phosphine oxide and nitrostyrene using the bicyclic guanidine catalyst. The bicyclic 
guanidine catalyst is found to play a dual activation mode role in all three key stages 
of the proposed catalytic cycle (Figure 4.1), acting as both a Brønsted base and a 
Brønsted acid simultaneously in all the transition states. In the ﬁrst stage, the bicyclic 
guanidine catalyst facilitates the tautomerization of phosphine oxide to active 
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nucleophile, phosphinic acid. The enantioselective and rate determining step for the 
carbon-phosphorus bond formation occurs in the second stage. The phosphinic acid 
tautomer serves as the nucleophile (Michael donor) for the enantioselective step. The 
calculated activation barriers for the formation of R and S products correlate well with 
the experimental observation that R-enantiomer is the preferred product. Hydrogen 
bonding and steric interactions between the nitrostyrene and the catalyst are essential 
factors governing the stability of the various transition states. The origin of 
enantioselectivity can be understood in terms of the geometry that can be adopted in 
the catalyst cavity. This ﬁnding is supported by the calculated activation barriers, 
transition state geometries and hydrogen bonding analysis based on AIM. Increasing 
the steric influence of the substituents of the catalyst in the hydrogen bonding site 
enhances the enantioselectivity of the reaction. Augmentation with an electron 
donating group decreases the barrier height of the transition states and increases the 












Table 4.3: Benchmarking of bond length and bond angle of α,α’,β-triphenyl 
substituted{5,5}-bicyclic guanidine. MSE is mean signed error while MUE is mean 
unsigned error. The atom labeled guanidine is shown in Figure 4.23. 
 
Bond length Optimized X ray Deviation Absolute Deviation MSE MUE 
N3-C8 1.377 1.344 -0.033 0.033 -0.005 0.013 
N1-C8 1.277 1.293 0.016 0.016   
N2-C8 1.397 1.393 -0.005 0.005   
N1-C4 1.473 1.482 0.009 0.009   
N3-C7 1.464 1.470 0.006 0.006   
N2-C5 1.457 1.462 0.005 0.005   
N2-C6 1.452 1.464 0.012 0.012   
C5-C4 1.575 1.563 -0.012 0.012   
C6-C7 1.548 1.540 -0.008 0.008   
C4-C9 1.508 1.506 -0.002 0.002   
C7-C21 1.509 1.499 -0.011 0.011   
C3-H47 1.014 0.976 -0.038 0.038   
 
Bond angle Optimized X ray Deviation Absolute Deviation MSE MUE 
N1-C8-N2 118.347 117.469 -0.878 0.878 -0.032 0.577 
N1-C8-N3 132.559 132.443 -0.116 0.116   
N2-C8-N3 108.945 110.034 1.089 1.089   
C8-N3-C7 108.597 109.272 0.675 0.675   
C8-N1-C4 103.804 103.670 -0.134 0.134   
C8-N2-C6 107.225 105.988 -1.237 1.237   
C8-N2-C5 104.050 103.858 -0.193 0.193   
N1-C4-C5 104.993 104.289 -0.704 0.704   
N1-C4-C9 113.915 113.863 -0.052 0.052   
N3-C7-C6 100.600 100.266 -0.334 0.334   
N3-C7-C21 113.888 113.318 -0.570 0.570   
N2-C6-C7 100.279 100.461 0.182 0.182   
N2-C5-C4 98.646 98.603 -0.043 0.043   
















Table 4.4. Calculated hydrogen bonding properties (M06-2X/cc−pVTZ) of various 4-
TS6 transition states. GuaN = N atom in guanidine functional group. P-Ar-H = H 
atom on the phenyl group of phosphine. H-O=P = Proton of phosphinic acid. t-Bu-CH 
= H atom of the CH3 in t-butyl group. NO2 is the nitro group in nitrostyrene. t-Bu-CH 
-O2N means the hydrogen bond forming between the H atom of the CH3 in t-butyl 





Angle/ ° ρ 
2∇  ρ 
GuaN-H—O2N 1.74 176 0.03851 0.11815 
P-Ar-H- O2N 2.78 91 0.00933 0.03561 
Vinylic nitrostyreneC-H-
Ngua 2.64 143 0.00861 0.02817 
Aromatic nitrostyrene C-
H-Ngua 2.64 154 0.00793 0.02449 
tBu-CH- O2N 2.62 125 0.00825 0.02918 
GuaN--H-O=P 1.53 177 0.08143 0.03335 
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4-TS6b-R     
GuaN-H—O2N 1.86 138 0.02873 0.12316 
Vinylic nitrostyreneC-H-
Ngua 2.82 149 0.0058  
tBu-CH- O2N 2.47 150 0.01037 0.03506 
tBu-CH- O2N 2.67 144 0.00678 0.02158 
tBu-CH- O2N 2.62 153 0.00718 0.02512 
GuaN--H-O=P 1.49 177 0.09033 0.01717 
     
4-TS6c-R     
GuaN-H—O2N 1.87 162 0.02969 0.0991 
P-Ar-H- Gua-N 2.52 146 0.01028 0.03447 
Gua-α CH- O2N 2.57 121 0.00824 0.02966 
tBu-CH- O2N 2.69 133 0.00678 0.02148 
GuaN--H-O=P 1.42 167 0.10602 -0.01899 
     
4-TS6d-R     
GuaN-H—O2N 1.82 162 0.0347 0.10599 
P-Ar-H- O2N 2.23 146 0.01386 0.05565 
tBu-CH- O2N 2.64 120 0.0078 0.0269 
GuaN--H-O=P 1.55 166 0.07783 0.03638 
     
4-TS6e-R     
Vinylic nitrostyreneC-H-
Ngua 2.71 133 0.00732 0.02344 
tBu-CH- O2N 2.25 144 0.01339 0.05476 
tBu-CH- O2N 2.34 146 0.01043 0.04361 
GuaN--H-O=P 1.53 167 0.08069 0.03321 
     
4-TS6f-R     
GuaN-H—O2N 2.55 123 0.01848 0.06984 
P-OH- O2N 1.82 159 0.0312 0.10297 
Gua-α-CH- O2N 2.49 122 0.00895 0.03306 
tBu-CH- O2N 2.80 112 0.00649 0.02094 
tBu-CH- O2N 2.83 136 0.00509 0.01647 
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4-TS6g-S     
GuaN-H—O2N 1.94 146 0.02337 0.09907 
P-Ar-H- O2N 2.28 149 0.0138 0.05108 
tBu-CH- O2N 2.70 148 0.00678 0.02136 
tBu-CH- O2N 2.51 153 0.00957 0.0319 
tBu-CH- O2N 2.55 130 0.00872 0.03045 
tBu-CH- O2N 2.71 131 0.00646 0.02096 
GuaN--H-O=P 1.50 175 0.08762 0.0201 
     
4-TS6h-S     
GuaN-H—O2N 2.02 137 0.0222 0.09052 
GuaN-H—O2N 2.13 160 0.01714 0.06673 
Aromatic POH C-H-Ngua 3.06 98 0.00552 0.01765 
P=O-H - O2N 2.60 105 0.00828 0.03431 
tBu CH-O=P 2.27 149 0.01329 0.05394 
GuaN--H-O=P 1.51 165 0.08478 0.02085 
     
4-TS6i-S     
GuaN-H—O2N 1.77 150 0.03671 0.12462 
Vinylic nitrostyrene C-H-
Ngua 2.67 150 0.00755 0.02348 
P-Ar-H- O2N 2.43 117 0.01141 0.04366 
GuaN--H-O=P 1.59 170 0.07105 0.04027 
     
4-TS6j-S     
GuaN-H—O2N 1.82 168 0.03507 0.1031 
Vinylic nitrostyrene C-H-
Ngua 2.86 122 0.00636 0.01971 
Aromatic nitrostyrene C-
H-Ngua 2.53 152 0.01006 0.03222 
P-Ar-H- O2N 2.10 156 0.01834 0.07282 
tBu-CH- O2N 2.32 133 0.01263 0.04976 
tBu-CH- O=P 2.25 141 0.01435 0.05803 
tBu-CH- O=P 2.30 142 0.01254 0.05034 
GuaN--H-O=P 1.62 161 0.06581 0.04574 
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4-TS6k-S     
GuaN-H—O2N     
Aromatic nitrostyrene C-
H-Ngua 2.75 139 0.00682 0.02163 
P-Ar-H- O2N 2.03 156 0.02218 0.08638 
tBu-CH- O2N 2.60 116 0.00843 0.02957 
tBu-CH- O2N 2.51 139 0.00902 0.03078 
GuaN--H-O=P 1.50 165 0.08773 0.02478 
     
4-TS6l-S     
GuaN-H—O2N 2.04 160 0.01973 0.07503 
P-OH- O2N 1.82 159 0.02871 0.09971 
Gua-α-CH- O2N 2.58 122 0.00872 0.03212 
tBu-CH- O2N 2.86 129 0.00534 0.01689 
































Table 4.5 Reactant catalyst interaction in TS (KM EDA: HF/cc−pVDZ) 
 
4-TS6 4-TS6a-R 4-TS6d-R 4-TS6h-S 4-TS6i-S 
Alignment A B A B 
NO2 hydrogen 
bonding s-cis s-trans bidentate s-cis 
Reactants- Catalyst Intermolecular Interaction /kJ mol-1 
Electrostatic 




257.5 232.8 229.5 213.4 
Polarization 
Energy -63.8 -55.9 -53.4 -51.6 
Charge Transfer 
Energy -103.8 -92.6 -98.7 -83.1 
High Order 
Coupling Energy 16.9 11.3 10.4 7.0 
KM Interaction 




-91.9 -103.5 -86.9 -84.9 
Total Interaction 
























Table 4.6 Phosphinic acid catalyst EDA (KM EDA: HF/cc−pVDZ) 
 
4-TS6 4-TS6a-R 4-TS6d-R 4-TS6h-S 4-TS6i-S 
Alignment A B A B 
NO2 hydrogen 
bonding s-cis s-trans bidentate s-cis 
Tautomer- Catalyst Intermolecular Interaction / kJ mol-1 
Electrostatic 




174.8 167.1 196.6 -144.9 
Polarization 
Energy -38.1 -33.9 -41.3 30.3 
Charge Transfer 
Energy -76.7 -68.0 -81.4 56.5 
High Order 
Coupling Energy 18.0 14.5 17.9 -9.6 
KM Interaction 




-47.4 -61.8 -57.6 -49.8 
Total Interaction 
























Table 4.7 Nitrostyrene catalyst EDA (KM EDA: HF/cc−pVDZ) 
 
4-TS6 4-TS6a-R 4-TS6d-R 4-TS6h-S 4-TS6i-S 
Alignment A B A B 
NO2 hydrogen 
bonding 
s-cis s-trans bidentate s-cis 
Nitrostyrene- Catalyst Intermolecular Interaction / kJ mol-1 
Electrostatic 




79.5 67.5 41.7 68.7 
Polarization 
Energy -13.3 -11.3 -6.5 -11.8 
Charge Transfer 
Energy -26.9 -24.4 -15.2 -26.1 
High Order 
Coupling Energy 1.1 1.2 -2.7 0.0 
KM Interaction 




-40.3 -37.4 -21.6 -35.4 
Total Interaction 














Lewis and Brønsted acidity of bicyclic guanidinium: Origin 
of asymmetric induction in guanidine-catalyzed tandem 
thiol-Michael – enantioselective protonation 
_____________________________________________________________________ 
 
5.1 Lewis acidity of guanidinium 
The Lewis acidity of guanidinium is not well known and thus far, few reactions have 
been known to specifically make use of this mode of activation. One rare example is 
hexa-alkyl-guanidinium halide which catalyzed the epoxide ring opening 
esterification, lactide ring opening polymerization and decomposition of alkyl formate. 
It was proposed that the main mode of interaction is Lewis acidity,[62] but 
experimental corroboration of this interaction has been lacking. Lewis acidic 
interaction of guanidinium can however, be clearly observed in X-ray crystal 
structures [63] (Figure 5.1). The Lewis base is found to interact with the electron 
deficient carbon instead of the surrounding N atoms in the guanidinium moiety or the 
Brønsted acidic protons. This phenomenon is supported by the NBO[46] donor and 
acceptor interactions and the atomic charges on the structures (Table 5.1) with the 
electron deficient carbon carrying a higher positive charge than the surrounding N 
atoms. The distance of the guanidinium Lewis acidic interaction is typically slightly 
over 3 Å and correlates well with the calculated distance in this theoretical study. The 
dimer interaction in the Nb(H-hpp)Cl4 crystal is achieved solely through Lewis acidic 
interaction of the guanidine (Figure 5.1). The X-ray structure of lasalocid acid with 
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD or H-hpp) demonstrates that both Lewis 
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acidity and Brønsted acidic interactions can occur simultaneously.[63b] Alcohol and the 
carboxylate groups hydrogen bond to the acidic N-H of the guanidinium while the 
ketone group acts as the Lewis base to interact with the Lewis acidic carbon. Similar 
interactions are also revealed in the crystal structure of (H-hpp)2PtCl4 complex.[63c]  
The chloride of one complex is acting as the Lewis base while its counterpart from 






























































Table 5.1. Donor acceptor interactions of guanidine Lewis acidic interactions and 
NBO atomic charges. The interactions are shown with dashed lines in Figure 5.1. 
NBO analysis obtained with M06-2X 6-311g** single point with LANL2DZ basis set 




X ray structure 
e- donor - e- acceptor Bond Length e2pert kJ mol-1 NBO charge 
    
lasalocid acid with 
H-hpp     
O -- C=N 2.99 3.3 N1 -0.467 
CO2 -- N-H gua 2.12 7.1 N2 -0.530 
ROH -- N-H gua 2.07 11.6 N3 -0.552 
   C4 +0.742 
    
(H-hpp)PtCl4    
Pt-Cl -- C=N 3.34 2.3 N1 -0.465 
Pt-Cl -- H-N 2.45 12.8 N2 -0.544 
Pt-Cl -- H-N 2.57 3.1 N3 -0.552 
   C4 +0.746 
    
Nb(H-hpp)2Cl4    
Cl --C=N 3.26 1.4 N1 -0.415 
Cl --C=N 3.26 1.5 N2 -0.597 
   N3 -0.598 




Scheme 5.1 Bicyclic guanidine-catalyzed tandem thiol-Michael – enantioselective 
protonation. 
 
We have previously reported that chiral bicyclic guanidine [21e] catalyzes the tandem 
thiol-Michael – protonation reaction with high levels of enantioselectivities (Scheme 
5.1). Reactions between phthalimidoacrylates with thiols led to optically pure 
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analogues of cysteine. The mechanism of this reaction is explored using DFT 
calculations.  
5.2 Computational methods 
All structures are optimized together with frequencies calculations via M06-2X[32]/6-
31G* at the experimental temperature of 223.15K using Gaussian 09[64]. Higher level 
calculations at the M06-2X/6-311+G** level with implicit SMD[39] solvation in 
diethylether were performed for the gas phase geometries to obtain the solvated Gibbs 
free energies. DFT benchmarking using ωB97X-D, B3LYP-D and B3LYP was done 
in Gaussian 09. Single point SMD solvation calculations using the different DFT 
methods at the 6-311+G** level were performed using M06-2X/6-31G* geometries 
to obtain the solvated Gibbs free energies. NBO analysis was employed to resolve the 
atomic charges as well as the bonding and antibonding orbitals and their donor and 
acceptor interactions. All crystal structures were obtained from the Cambridge 
Structural Database[65]. The hydrogen bond strength of the intermediates and 
transition states (TSs) were characterized by Bond distances and NBO donor and 
acceptor interactions (Tables 5.4, 5.5 and 5.6). The turnover frequency of the 
reaction is calculated by the AUTOF program using the energetic span model by 





Scheme 5.2   Full catalytic thio-Michael mechanism 
 
5.3 Mechanism 
Our proposed mechanism (Scheme 5.2) shows three catalytic stages: (1) 
deprotonation of thiophenol, (2) conjugate addition of thiophenolate ion to 
phthalidmide to form an enolate intermediate and (3) protonation of the enolate to 
yield the final product. Phthalidmide 5-2 exists in s-cis and s-trans forms, with respect 
to the conjugated alkene and ester functional groups. The s-cis and s-trans prefixes 
are also used in subsequent related intermediates and transition states. Conjugate 
addition of thiophenolate ion to s-cis 5-2 generates an E-enolate while the s-trans 5-2 
yields a Z-enolate (Figure 5.2). 
The conjugate addition proceeds via two possible pathways (Scheme 5.2), Brønsted 
acidic activation (pathway A) or bifunctional Lewis and Brønsted acid activation 
(pathway B). Enolate complexes and protonation TS are termed 5-4 and 5-TS5 for 
activation through pathway A while those that are activated through pathway B are 
termed 5-8 and 5-TS9 respectively. The protonation TS leading to the S or R product 
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is indicated in the suffix of the TS in Figures 5.5 and 5.8. Each energetic pathway is 




Figure 5.2.  Phthalimide 5-2 and enolate isomers 
 
5.4 Hydrogen bonding strength and stability of intermediates and TSs 
The complexes and transition states possessing stronger hydrogen bonding are more 
stable. The strength of the hydrogen bonding can be characterized by the bond 
distance of the hydrogen bond and the magnitude of the NBO donor and acceptor 
interaction where the lone pair of the Brønsted base donates electrons to the 
antibonding NBO Lewis orbital of the Brønsted acid moiety. This trend is also found 
to apply to Lewis acidic interaction between the catalyst and the reactants wherein the 
shorter bond distance and stronger donor acceptor interaction reflects stronger Lewis 
interaction. Both the Brønsted and Lewis acidic and basic interactions are tabulated in 
the Tables 5.4 to 5.6. 
Steric hindrance plays a major role in determining the strength of the hydrogen 
bonding of the complexes and transition states and hence the energetic stability. The 
primary steric interaction between the reactants is between the t-butyl groups of 
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(Figure 5.2) and E enolate are preferred due to the orientation of the t-butyl group 
away from the Brønsted acidic binding site of the catalyst, enabling stronger hydrogen 
bond to be formed as shown in the later discussions. 
 
5.5 Deprotonation of Thiophenolate 
The catalytic reaction is initiated by a facile proton transfer from thiophenol to the 
bicyclic guanidine catalyst, a superbase (e.g. pKa of TBD = 22 in THF),[66] to form a 
hydrogen-bonded complex (5-12) between the guanidinium cation and thiophenolate 
ion. This ion-pair complex is characterized by a hydrogen bond between the 
guanidinium N-H proton and the sulphur atom of thiophenolate ion and the N−H/π 
interaction between another N−H proton and the phenyl ring of the thiophenolate. 
This complex has a binding energy of −8 kJ mol-1. The calculated activation barrier 




Figure 5.3: Solvated Gibbs free energy of thiol deprotonation. Bond distances are 
given in Å. 
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5.6 Pathway A, Brønsted acidic activation 
This conjugate addition is expected to proceed via a pre-transition state complex 5-4. 
In this complex, both reactants interact with guanidinium catalyst simultaneously via 
hydrogen bonds (Scheme 5.2). It plays a crucial role in assembling both substrates 
close to each other for subsequent C-S bond formation. In this reaction pathway, 
designated as pathway A, the bifunctional guanidinium catalyst serves as a Brønsted 
acid. This C-S bond forming step yields an enolate intermediate 5-6, via transition 
state 5-TS5.   
There are three possible ways of how both reactants can interact with the catalyst in 
Pathway A as shown in Figure 5.4 : (a) Monodentate hydrogen bonding to both the 
thiophenolate and 5-2 in 5-TS5a and in 5-TS5c, (b) bidentate hydrogen bonding to 5-
2 and monodenate hydrogen bond to the thiophenolate in 5-TS5b, (c) dual hydrogen 
bond to 5-2 only in 5-TS5d and 5-TS5e. Pathway A can accommodate both the s-cis 
and s-trans isomers of 5-2 as shown in Figure 5.5. The s-cis conformation is 
energetically preferred in the complexes as it experiences less steric interactions and 
forms stronger hydrogen bonds. This is reflected in the comparison of the hydrogen 
bond strength 5-TS5a-s-cis and 5-TS5c-s-trans. The guanidine catalyst and 
Phthalimide 5-2 complex (without thiophenolate) does not exhibit distinct energetic 
preference towards either isomer conformation with given the mere 1.5 kJ mol-1 
Gibbs free energy difference in favour of the s-cis 5-2 complex.  
The assembly of both reactants is required to induce the stereoselectivity. The 
bidentate hydrogen bond of both carbonyl groups from the ester and amide to a single 
acidic N-H of guanidinium in 5-TS5b-s-trans stabilizes the TS more than that of the 
monodentate hydrogen bond to the amide carbonyl group as shown in 5-TS5a-s-trans. 
Additionally, activation of the phthalimide 5-2 via dual hydrogen bonding with both 
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acidic N-H of the guanidinium (5-TS5d-s-cis and 5-TS5a-s-trans in Figure 5.4) can 
accommodate both s-cis and s-trans conformation of 2 and both R and S enantiomeric 
products can be formed through this mode of interaction. The representative pathway 
A chosen is 5-4b-s-trans 5-TS5b-s-trans  5-6b-Z  5-TS7b-R as it has a 
significantly higher catalytic turnover frequency when compared to other energetic 













Figure 5.5 Pathway A solvated energy profile. Pre TS complexes are 5-4; S-C bond 
forming TSs is 5-TS5. The resulting enolates are 5-6 while the subsequent 
protonation TSs are 5-7. Filled bars are the energetic pathways leading to S-products 
while blank ones result in R products. All intermediates and TSs of the same pathway 
are linked alphabetically e.g 5-TS5b-s-trans results in enolate 5-6b-Z and the 
subsequent protonation TS is 5-TS7b-R. 
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Figure 5.6 Structures of 5-TS5, solvated Gibbs free energies relative to 5-TS9a-s-cis. 
Bond distances are given in Å. 
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5.7 Pathway B, bifunctional Lewis acidic and Brønsted acidic activation 
5.7.1 Enhanced activation through pathway B 
An alternate pathway, designated pathway B (see Scheme 5.2), is also expected based 
on a plausible Lewis acid activation mode of the guanidinium carbon. In this case, the 
bifunctional catalyst serves simultaneously as a Lewis acid and a Brønsted acid.  
Since there are two hydrogen bond acceptors (ester and amidyl carbonyl oxygen 
atoms) in phthalidmide, it’s interaction with the guanidinium catalyst is optimized via 
dual hydrogen bonding. At the same time, C···S interaction is possible between 
guanidinium and thiophenolate via the Lewis acid interaction. Hence, a 3-point pre-
transition state complex 5-8 is expected for pathway B (Scheme 5.2). For s-cis 5-2, 
this form of substrate assemble yields a stable complex 5-8a-s-cis, of binding energy 
48 kJ mol-1, possessing hydrogen bond interactions between the carbonyl group of the 
ester and the amide. In contrast, dual hydrogen bonding interactions of s-trans 5-2 
with guanidinium can only accommodate hydrogen bonding to the ether functionality 
of the ester and the amidyl carbonyl, leading to less favourable activation as reflected 
in the C−S bond forming step, with 5-TS9d-s-trans being 20 kJ mol-1 higher than that 
of 5-TS9a-s-cis (Figure 5.8).  
There are three possible kinds of interaction modes as shown in Figure 5.7: (a) dual 
hydrogen bonding to both carbonyl of the amide and ester of 5-2 with π- π aromatic 
stacking between  the thiophenolate and 5-2 in 5-TS9a-s-cis, (b) dual hydrogen 
bonding to both carbonyl of the amide and ester of 5-2 with C-H−π interaction of the 
thiophenolate with the guanidine C-H in 5-TS9b-s-cis and 5-TS9c-s-cis, (c) dual 
hydrogen bonding to the ether moiety of the ester and the carbonyl of the amide with 
with π−π aromatic stacking between the thiophenolate and 5-2 in 5-TS9d-s-trans. 5-
TS9d-s-trans shares the same enolate and protonation pathway as that of 5-TS5a-s-
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trans.The thiophenolate can also interact through C-H–π dispersion interactions with 
the guanidine catalyst and possesses similar stability to the 5-TS9a-s-cis with π-π 
aromatic stacking with 5-2 as exemplified in 5-TS9b-s-cis and 5-TS9c-s-cis. 
 The alternative bifunctional activation mode allows 5-8-s-cis to access a more 
kinetically favourable route via transition state 5-TS9a-s-cis when compared to the 
C−S bond forming transition states (5-TS5) accessible to pathway A complexes 5-4 
as reflected in the transition state energies (compare Figures 5.5 and 5.8 ). The 
stronger catalyst activation is supported by the larger positive charge on the 
conjugated β carbon of the phthalidmide moiety and the stronger negative charge on 
the sulfur atom of the thiophenolate moiety in 5-TS9a-s-cis (Table 5.2). The 
enhanced electrophilicity of 5-2 and nucleophilicity of thiophenolate anion leads to 
stabilization of 5-TS9a-s-cis resulting in a lower C-S addition barrier (18.9 kJ mol-1) 
for pathway B when compared to pathway A (5-TS5b-s-trans). The importance of the 
Lewis acidic interaction can be observed in the instability of 5-TS5d s-cis and 5-
TS5e-s-trans (approximately 40 kJ mol-1 higher than 5-TS9a-s-cis) where the 
thiophenolate Lewis acidic interaction with the catalyst is absent despite the presence 
of the dual hydrogen bonding. In summary, pathway B provides an efficient pathway 
to generate the S product. 
 




TS NBO charge  
on β carbon 
NBO charge 
 on sulphur 
   
5-TS9a-s-cis -0.221 -0.402 
   
5-TS5b-s-trans -0.248 -0.268 
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Figure 5.7 Structures of 5-TS9. Solvated Gibbs free energies relative to 5-TS9a-s-cis. 




Figure 5.8 Pathway B solvated energy profile. All intermediates and TSs of the same 




Figure 5.9 Schematic potential energy diagram showing representative pathways A 
and B of bicyclic guanidinine-catalyzed thio-Michael reaction. Relative solvated 
Gibbs free energies are calculated at the M06-2X/6-311+G**//M06-2X/6-31G* level 
(in diethylether). 
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5.7.2 Pathway B induction of the enantioselectivity of the reaction 
Interestingly, the chirality of the reaction product is locked in the C−S bond forming 
step due to the strong ion pair interaction between the guanidinium ion and the 
anionic substrates (Figure 5.11), causing the resultant enolate to be protonated in the 
same face as the conjugate addition. It is worth noting that the strength of the 
guanidinium ion pair interaction is frequently utilized in phase transfer catalysis 
where this favourable electrostatic interaction enables the reactants to shuttle between 
the aqueous phase and the organic phase. Due to the steric constraint of the 
guanidinium catalyst, isomerization of the enolate intermediate is difficult in the 
catalyzed reaction. For comparison, the free enolate has an E-Z rotational barrier of 
91 kJ mol-1 but enolate complex 5-10a-E has a significantly higher E-Z rotational 
barrier of 167 kJ mol-1 (Figures 5.12 and 5.13). The guanidine induces the asymmetry 
as the uncomplexed phthalimide 5-2 s-trans conformation 3 kJ mol-1 more stable than 
the s-cis. There is no facial selectivity for both pathways A and B (Figure 5.10) for 
the catalyst as the orientation of the symmetrical reactants remains the same when 5-2 
approaches from either face. Moreover, pathway B only allows one orientation of the 
phthalimide to be complexed with the catalyst. This orientation exposes the pro-S face 
of the resultant prochiral enolate from the C-S conjugate addition step. The 
subsequent enantioselective protonation step will see the proton abstraction in the 
same face that forms the S product. Thus, the rotational freedom of enolate is 
restricted and changing the face of protonation is not straightforward on the enolate 
complexes 5-10a-E.  As a result, pathway B will yield the S product exclusively, in 
distinct contrast to pathway A. The representative pathway B chosen is 5-8a-s-cis  
5-TS9a-s-cis  5-10a-E  5-TS11a-S as it has significantly higher turnover 
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5.8 Enolate stability 
The transient enolate stabilized by complexation with the guanidinium catalyst 
possesses the same hydrogen bonding interactions as the preceding thio-Michael 
transition states (Figure 5.14 and 5.15). Complexes which possess strong hydrogen 
bonding to both the carbonyl moieties of the ester and amide in the enolates (5-6d-E, 
5-6e-Z, 5-10a-E, 5-10b-E and 5-10c-E) are thermodynamically more favourable than 
those with monodentate hydrogen bonding to the enolate. This is a result of the 
Brønsted basicity of the carbonyl moieties that form such robust hydrogen bond 
(Table 5.4) as the enolate negative charge resonate between the 2 carbonyl groups. 
Amongst the enolates with bidentate carbonyl hydrogen bonding, the presence of π−π 
stacking between the phthalimide moiety and thiophenyl functional groups 




Figure 5.14 Enolate 5-10 structures, solvated Gibbs free energies relative to 5-10a-E. 






Figure 5.15 Enolate 5-6 structures, solvated Gibbs free energies relative to 5-10a-E. 
Bond distances are given in Å. 
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5.9 Enantioselective Protonation step 
The enantioselectivity of the product depends on whether the protonation occurs on 
the Re or Si face of the enolate in the enantioselective protonation step. For pathway B, 
protonation can only occur on the same face as the C-S bond forming step. Thus, the 
chirality of the reaction product is maintained in 5-8-s-cis complex. In a somewhat 
similar manner, the geometry of the enolate intermediate will determine the 
preference of protonation for pathway A. Changing the face of the enolate to be 
protonated will require uncomplexation of the enolate and guanidinium which is 
unfavourable as shown in the binding energies in Figure 5.11. The resultant 
protonation TS of the opposite face will be less stable due to the steric constraints as 
reflected in the TS energies of 5-TS11a-R and 5-TS7b-S (Figure 5.16). Hydrogen 
bonding to the enolate ester carbonyl oxygen yields more stable transition states 
where they are only differentiated by the hydrogen bonding. The comparison of 5-
TS11a-S and 5-TS7b-R with 5-TS11a(ii)-S (hydrogen bond to amide carbonyl) and 
5-TS7a-R (hydrogen bond to ester ether oxygen) shows the energetic preference 
towards the ester carbonyl hydrogen bonding as it forms the strongest Brønsted basic 
interaction as reflected in the NBO donor and acceptor interaction energies (Table 
5.6). 
It is important to note that π-π stacking interaction between the phenyl ring of the 
thiophenolate and the anhydride moiety of phthalidmide is an important stabilization 
interaction in the enolate intermediates, products as well as the protonation transition 
states. For instance, the conformation of the S product with the intramolecular π-π 
interaction is significantly higher in energy (by 18 kJ mol-1) than the lowest-energy 
structure with favorable π-π stacking interaction (Figure 5.19). Besides stabilizing the 
enolate itself, π-π stacking makes enolate more compact; optimizing the hydrogen 
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bonding while minimizing steric hindrance with the catalyst as verified by the shorter 




Figure 5.16 The bottom and side views of flipping of prochiral face of the enolate in 




Figure 5.17 Enantioselective protonation 5-TS11 structures, solvated Gibbs free 




Figure 5.18 Enantioselective protonation 5-TS5 structures, solvated Gibbs free 





Figure 5.19 S products and their relative solvated Gibbs free energies 
 
5.10 Kinetics and the enantioselectivity of the reaction 
Unlike typical reactions governed by the Curtin-Hammett principle, where a single 
rate-determining step will determine the stereoselective outcome of the reaction, both 
the C−S bond forming and protonation steps of the catalytic reaction investigated here 
can influence the overall rate significantly (Figures 5.5 and 5.8). Even though 
pathway B provides a substantially lower activation barrier for the C-S bond 
formation step, the subsequent protonation TS may be energetically more unstable 
than the C−S bond forming step, making it impossible to define a single rate 
determining step (compare 5-TS9b-s-cis with the barrier height of its corresponding 
enantioselective protonation TS 5-TS11b-S and 5-TS9c-s-cis with 5-TS11c-S). Hence, 
simply comparing the relative energies of the transition states of a particular step is 
insufficient to elucidate the enantioselectivity.  
The energetic span model provides a more realistic approach to assess the kinetics by 
factoring in the energetic contributions of all the turnover frequency (TOF)-
determining intermediates and transition states to the overall rate. Here, we have 
employed the energetic span model to calculate the TOFs from computationally 
obtained TOF-determining states. Since TOF is defined as the number of catalytic 
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cycles a particular pathway can complete within a period of time, the magnitude 
correlates directly to the proportion of product produced. Hence, by comparing the 
ratio of the TOFs of pathway A (with the lowest transition state and intermediate 
energies are taken as shown in Table 5.6) leading to the R product and pathways A 
and B generating the S product, we can estimate the enantiomeric excess of the 
catalytic reaction studied. Using the TOF-determining transition state (TDTS) and 
intermediate within each pathway, the formation of the S product is predicted to be 
100 times faster than the R product. This is in good accord with the observed 
preference for the S enantiomer. Serving as the TDTS for the overall pathways A and 
B mechanism, the conjugate addition step strongly influences the computed TOF. 
This readily demonstrates the importance of pathway B in controlling the 
stereoselectivity of the catalytic reaction. 
 
5.11 Importance of the treatment of dispersion in DFT to elucidate long range 
guanidinium Lewis acidic activation kinetics 
Due to the longer bond distance of the Lewis acidic activation (approximately 3.2 Å) 
when compared to hydrogen bond activation (approximately 1.7 Å in the calculated 
geometries), the treatment of long range interactions in the DFT method utilized is 
crucial. To investigate the effect of dispersion performance on the guanidinium Lewis 
acidic activation, the Gibbs free energies of the three different DFT methods at the 6-
311+G** level were computed using M06-2X/6-31G* geometries and entropy 
correction term. Popular DFT methods such as B3LYP[29] and PBE[28] with their 
dispersion corrected counterpart were chosen. Chai and Head-Gordon's ω-B97X-D[37] 
functional  where the percentage of HF exchange was optimized for different atom 
pair distances and with the inclusion of Gimme's dispersion correction, performs well 
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for thermochemistry and barrier heights. This DFT method is also included in the 
benchmarking study to compare the performance for transition states. The three 
representative TSs with different mode of activation for both the C-S bond forming 
step and their corresponding enantioselective protonation step were selected which 
includes the pathway for both R and S product: (a). the most favourable Pathway B 
route in the kinetics (5-TS9c-s-cis  5-TS11c-S; (b) the most favourable Pathway A 
route (5-TS5b-s-trans  5-TS7b-R); (c) the dual hydrogen bonded C-S bond forming 
TS without Lewis acidic activation in Pathway A (5-TS5d-s-cis  5-TS7d-S).  
 
Table 5.3 Benchmarking of the relative Gibbs free energies of the representative 
thiol-Michael TSs with different DFT methods. All DFT methods were calculated at 
the 6-311+G** level (single point with SMD solvation in diethylether) using M06-
2X/6-31G* geometries and entropy correction term. The three protonation TSs in the 
last three rows are in the same order as their respective C-S bond forming TSs in the 
first three rows. The relative Gibbs free energies are taken w.r.t 5-TS9c-s-cis for the 
C-P bond formation and 5-TS11c-S for the protonation TS. 
 
 
∆∆G≠/ kJ mol-1 
 
M06-2X ωB97X -D 
B3LYP 
-D PBE-D B3LYP 
 
PBE 
       
5-TS9c-s-cis 0.0 0.0 0.0 0.0 0.0 0.0 
       
5-TS5b-s-trans 8.4 10.5 7.9 1.3 -0.6 -13.6 
       
5-TS5d-s-cis 37.4 37.0 32.9 31.1 5.6 11.6 
       
       
5-TS11c-S 0.0 0.0 0.0 0.0 0.0 0.0 
       
5-TS7b-R 5.2 1.6 7.0 7.6 23.2 19.2 
       
5-TS7d-S -5.9 -8.8 -7.8 -9.2 -13.4 -7.9 





From Table 5.3, it can be observed that the treatment of dispersion interaction in 
describing the long range Lewis acidic activation of the guanidine catalyst is 
important. M06-2X, ωB97X-D, B3LYP-D, PBE-D gave the same trend for both the 
C-S bond forming TS and the protonation step, favouring the Lewis acidic activation 
pathway B.  The absence of Lewis acidic and Brønsted activation on the thiophenolate 
in 5-TS5d-s-cis makes it the highly unstable in all 3 DFT methods with dispersion. 
However, this is not reflected with B3LYP and PBE calculations. On comparison, 5-
TS5b-s-trans is the most energetically favourable TS with both pthalimide and 
thiophenolate substrate being activated by the conventional and well described 
hydrogen bonding. This may be due to the lack of stabilization of 5-TS5d-s-cis in 
both B3LYP and PBE due to its inadequate treatment for dispersion interactions.. All 
the DFT methods (even those without dispersion correction) gave the same trend in 
the relative Gibb free energies of the protonation TSs where only guanidine hydrogen 
bonding activation is involved. This observation reaffirms the importance of 
dispersion treatment for the long range guanidine Lewis acidic activation. 
 
5.12 Conclusion 
In conclusion, an unprecedented bifunctional Brønsted and Lewis acidic activation 
mode of the bicyclic guanidinium has been found in our computational study. This 
activation mode provides an alternative pathway of the catalytic reaction and critically 
influences the stereoselectivity of the thio-Michael addition product. The Lewis acid 
type of interaction of the guanidinium carbon is readily supported by several X-ray 
structures. The selectivity for the s-cis phthalimide in pathway B and the strength of 
the guanidinium ion pair interaction permit only the Si face to be attacked in both the 
C-S bond forming and the enantioselective protonation steps. The calculated turnover 
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frequencies of both R and S products, using the energetic span model, agree with the 
observed enantioselectivity. Adequate treatment of dispersion interactions is critical in 
elucidating the kinetics of guanidine Lewis acidic activation which requires a robust 




Table 5.4 Thio-Michael conjugate addition hydrogen bonding NBO analysis. 
E2pert is the donor and acceptor interactions of the NBO Lewis bonding molecular 
orbitals  to the antibonding molecular orbitals. 
SPh = thiophenolate, es = ester, C=O = carbonyl, C-O = ether, Pth = Pthalimide 5-2, 
tBuGua = C-H interaction of t-butyl group in guanindine catalyst. H-CβGua = C-H 
interaction of hydrogen on β carbon w.r.t to N of guanidine. 
 
Thio-Michael Hydrogen bond Bond Length Bond Angle 
NBO e2pert/ 
 kJ mol-1 
 Base ---Acid  X---H-Y  
     
5-TS5a-s-trans PthC=O--H-N 1.8 145 39.4 
 esC-O--H-N 2.72 104 3.6 
 Ph-S--H-N 2.31 154 21.4 
 Pth SPh π-π 3.3  1.3 
 Pth SPh π-π 3.17  5.8 
 PhS--tBuGua 2.74 158 2.1 
 esC=O--tBuGua 2.34 169 3.7 
     
5-TS5b-s-trans esC=O--H-N 2.05 150 10.2 
 PthC=O--H-N 2.09 118 11.3 
 PthC=O--H-N 2.8 95 1.2 
 Ph-S--H-N 2.24 168 20.1 
 Pth SPh π-π 3.32  1.9 
 Pth SPh π-π 3.55  1.0 
      
 PthC=O--tBuGua 2.6 148 1.0 
 esC=O--tBugua 2.43 123 1.0 
 Ph-S--tBu-Gua 2.66 158 2.6 
 Ph-S--tBu-Gua 3.01 147 1.1 
     
5-TS5c-s-cis PthC=O--H-N 1.78 163 46.8 
 Ph-S--H-N 2.15 157 14.2 
 Pth SPh π-π 3.27  1.3 
 Pth SPh π-π 3.44  2.4 
 PthC=O--tBuGua 2.29 153 4.6 
 esC=O--tBuGua 2.52 152 1.5 
 esC=O--tBuGua 2.46 152 2.9 
 estBu-N 2.78 110 0.0 
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5-TS5d-s-cis esC=O--H-N 1.79 176 33.8 
 PthC=O--H-N 1.85 150 45.1 
 Pth SPh π-π 3.36  1.8 
 Pth SPh π-π 3.33  1.4 
 Pth SPh π-π 3.36  1.6 
 Pth SPh π-π 3.36  2.5 
     
     
     
     
     
     
5-TS5e-s-trans esC=O--H-N 1.71 170 42.3 
 PthC=O--H-N 2.37 109 2.5 
 Pth SPh π-π 3.24  3.1 
 Pth SPh π-π 3.24  1.0 
 Pth SPh π-π 3.32  1.7 
 Pth SPh π-π 3.34  2.0 
 PthC=O--H-CαGua 2.41 119 0.9 
     
5-TS9a-s-cis esC=O--H-N 1.78 159 40.2 
 PthC=O--H-N 1.92 145 26.2 
 PhS-Cgua 3.2  13.7 
 Pth SPh π-π 3.51  2.4 
 Pth C=O-- SPh π-π 3.41  0.9 
 es C=O--tBuGua 2.83 146 0.5 
 PhS--H-CβGua 2.91 115 2.0 
 PhS--tBuGua 2.74 137 2.6 
     
5-TS9b-s-cis esC=O--H-N 1.78 166 42.7 
 PthC=O--H-N 1.94 152 22.7 
 PhS-Cgua 3.22  27.7 
 Gua SPh C-H-π 2.85  2.6 
  Gua SPh C-H-π 2.87  0.8 
 PhS--H-CβGua 2.99 130 0.6 
     
 5-TS9c-s-cis esC=O--H-N 1.78 176 41.3 
 PthC=O--H-N 1.9 161 25.3 
 PhS-Cgua 3.31  30.1 
 Gua SPh C-H-π 2.41  1.4 
 Gua SPh C-H-π 2.6  1.6 
 Gua SPh C-H-π 2.71  1.7 
 esC=O--tBuGua 2.5 151 2.1 
 esC=O--tBuGua 2.64 146 2.3 
     
5-TS9d-s-trans esC-O--H-N 1.91 151 33.1 
 PthC=O--H-N 1.98 135 23.1 
 PhS-Cgua 3.12  16.4 
 Gua SPh C-H-π 3.4  1.9 
 Gua SPh C-H-π 3.29  1.3 
 
 114 
Table 5.5 Enolate complex hydrogen bonding NBO analysis. 
E2pert is the donor and acceptor interactions of the NBO Lewis bonding molecular 
orbitals  to the antibonding molecular orbitals. 
SPh = thiophenolate, es = ester, C=O = carbonyl, C-O = ether, Pth = Pthalimide 5-2, 
tBuGua = C-H interaction of t-butyl group in guanindine catalyst. H-CβGua = C-H 
interaction of hydrogen on β carbon w.r.t to N of guanidine. 
 
Enolate complex Hydrogen bond Bond Length Bond Angle 
NBO e3pert/ 
 kJ mol-1 
 Base ---Acid  X---H-Y  
     
5-6a-Z esC=O--H-N 2.26 127 6.4 
 esC-O--H-N 1.83 140 48.7 
 PthC=O--H-N 1.82 153 36.8 
 esC=O--tBuGua 2.33 168 2.9 
 PhS--tBuGua 2.87 152 3.6 
     
5-6b-Z esC=O--H-N 1.6 168 109.5 
 PthC=O--H-N 2.72 92 0.8 
 PthC=O--H-N 2.7 97 1.0 
 GuaN-H--S 2.65 140 13.6 
 PthC=O--tBuGua 2.37 159 4.2 
 esC-O--tBuGua 2.48 159 4.6 
 esC-O--tBuGua 2.79 145 1.3 
     
5-6c-E esC-O--H-N 1.97 149 35.4 
 PthC=O--H-N 2.21 116 7.9 
 Ph-S--H-N 2.56 139 17.9 
 PthC=O--tBuGua 2.41 157 3.8 
 esC=O--tBuGua 2.38 155 6.0 
 esC=O--tBuGua 2.53 147 2.0 
 PhS--tBuGua 2.94 115 1.0 
     
5-6d-E esC=O--H-N 1.5 174 155.6 
 PthC=O--H-N 2.08 132 15.2 
 esC=O---tBuGua 2.47 145 2.2 
     
5-6e-Z esC=O--H-N 1.66 150 83.0 
 PthC=O--H-N 2.6 100 1.1 
 PthC=O--HCαGua 2.42 122 1.2 
     
5-10a-E esC=O--H-N 1.48 172 142.4 
 PthC=O--H-N 1.91 147 33.0 
 esC=O---tBuGua 2.45 144 2.9 
 PhS--tBuGua 2.8 153 1.5 
     
5-10b-E esC=O--H-N 1.5 168 137.0 
 esC-O--H-N 2 137 18.3 
 PthC=O--H-N 2.12 133 11.7 
 esC=O---tBuGua 2.29 153 5.2 
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5-10c-E esC=O--H-N 1.57 176 116.3 
 PthC=O--H-N 1.93 156 31.6 
 PthC=O--tBuGua 2.45 120 0.9 
 esC=O---tBuGua 2.41 148 3.1 
 
 
Table 5.6 Enantioselective protonation hydrogen bonding NBO analysis. 
E2pert is the donor and acceptor interactions of the NBO Lewis bonding molecular 
orbitals  to the antibonding molecular orbitals. 
SPh = thiophenolate, es = ester, C=O = carbonyl, C-O = ether, Pth = Pthalimide 5-2, 
tBuGua = C-H interaction of t-butyl group in guanindine catalyst. H-CβGua = C-H 
interaction of hydrogen on β carbon w.r.t to N of guanidine. 
 
Protonation TS Hydrogen bond Bond Length Bond Angle 
NBO e2pert/  
kJ mol-1 
 Base ---Acid  X---H-Y  
     
5-TS7a-S C=C--H-N 1.62 164  
 esC-O--H-N 2 151 21.3 
 PthC=O--H-N 2.45 106 3.2 
 GuaN-H--S 3.18 115 1.6 
 PhS--tBuGua 2.94 160 3.5 
     
5-TS7b-R C=C--H-N 1.57 166  
 esC=O--H-N 1.82 150 31.0 
 PthC=O--H-CαGua 2.66 114 0.5 
 PthC=O--tBuGua 2.33 180 1.7 
 GuaN-H--S 3.4 137 2.3 
     
5-TS7b-S C=C--H-N 1.61 167  
 esC-O--H-N 1.93 156 24.4 
 esC=O--tBuGua 2.67 151 1.9 
 esC=O--tBuGua 2.63 154 1.6 
     
5-TS7c-R C=C--H-N 1.63 168  
 esC-O--H-N 2.07 150 14.4 
 PthC=O--H-N 2.61 99 2.0 
 GuaN-H--S 3.03 125 2.2 
 PthC=O--tBuGua 2.35 171 2.7 
 esC=O---tBuGua 2.49 179 2.1 
 PhS--tBuGua 3.09 130 1.0 
     
5-TS7d-S C=C--H-N 1.54 167  
 esC=O--H-N 1.82 157 31.0 
 PthC=O--H-N 2.56 107 2.1 
 esC-O--tBuGua 2.84 177 0.8 
 PthC=O--H-CαGua 2.58 120 1.0 
     
5-TS7e-R   C=C--H-N 1.56 165  
 esC=O--H-N 1.85 148 32.6 
 PthC=O--H-CαGua 2.7 117 0.6 
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5-TS11a-S C=C--H-N 1.55 163  
 esC=O--H-N 1.82 156 31.6 
 PthC=O--H-N 2.52 107 4.1 
 GuaN-H--S 2.98 106 2.2 
 GuaαC-H--O=CPth 2.4 122 1.5 
 PthC=O--tBuGua 2.39 121 1.2 
 PhS--tBuGua 3 1.44 0.8 
     
5-TS11a(ii)-S C=C--H-N 1.72 163  
 PthC=O--H-N 1.82 148 41.5 
 GuaN-H--S 3.29 136 1.2 
 esC=O--H-CαGua 2.34 12.6 1.6 
 esC=O--tBuGua 2.46 139 1.5 
 PthC=O--tBuGua 2.57 157 0.8 
 PhS--tBuGua 3.01 150 1.1 
     
5-TS11a-R C=C--H-N 1.58 163  
 esC=O--H-N 1.8 150 32.8 
 esC=O---tBuGua 2.5 157 2.7 
 PthC=O--tBuGua 2.36 125 2.2 
     
5-TS11b-S C=C--H-N 1.53 163  
 esC=O--H-N 1.9 150 21.2 
 PthC=O--H-N 2.6 110 2.4 
 GuaN-H--S 2.9 109 2.8 
 PthC=O--H-CαGua 2.61 120 0.8 
 esC-O--tBuGua 2.79 176 1.0 
     
5-TS11c-S C=C--H-N 1.58 164  
 esC=O--H-N 1.83 156 28.6 
 PthC=O--H-N 2.58 110 4.4 
 Gua SPh C-H-π 2.57  3.1 




















Table 5.7 AUTOF TOF data and input for Pathway A and B for R and S products. All 
energies expressed in kcal mol-1. First line of the input depicts the temperature of the 
reaction in Kelvin (233.15 K). 2nd line indicates the number of steps in the reaction, 
including both intermediates and TSs. Last line is the energy of the product in kcal 
mol-1. 
3rd line onwards, the first column is the intermediate or reactant before the TS and the 
2nd column is the energy of the next step (be it a TS or another intermediate). The next 
line will be the resulting intermediate from the TS or if the next step was an 
intermediate, it will be intermediate energy. The 3rd and 4th column is the 
concentration of the species in the 1st and 2nd column respectively. 
 
 
Pathway B (S product) 




0.0     1.7     1.0     x 
1.7     2.2     x       x 
-1.9    3.5     1.0     x 
3.5     7.5     x       x 




Pathway B (R product) 




0.0     1.7     1.0     x 
1.7     2.2     x       x 
-1.9    3.5     1.0     x 
3.5     7.5     x       x 




Pathway A (S product) 




0.0     1.7     1.0     x 
1.7     2.2     x       x 
-1.9    1.9     1.0     x 
1.9     9.8     x       x 




Pathway A (R product) 




0.0     1.7     1.0     x 
1.7     2.2     x       x 
-1.9    1.9     1.0     x 
1.9     9.8     x       x 












Mutual Brønsted acid and base activation: Guanidine dimer 
catalysis of the tandem hetero-Michael-protonation reaction 
_____________________________________________________________________ 
 
6.1 Activation of catalyst 
We can modify a catalyst motif to tune the electron density of the active functional 
group in order to enhance the activity of the catalyst[54] (Schreiner's thiourea). Such 
modification involves the addition of a more electron withdrawing moiety to increase 
the Brønsted or Lewis acidity of the active functional group or an electron donating 
group in the case of a Brønsted or Lewis basic catalyst. Another strategy to enhance 
the catalytic activity is to introduce a co-catalyst that boosts the activation through 
synergistic interaction[18b, 19b]. Cooperative catalytic activation by Lewis interactions 
and ion pair interactions has been demonstrated by exploiting the synergistic 
interactions of two different catalytic moieties with significance difference in 
nucleophilicity and Brønsted basicity respectively. Moreover the co-catalyst can 
induce higher enantioselectivity in the reaction making such cooperative catalysis 
highly desirable.  
 
Denmark and coworkers showed how adding a Lewis base to a Lewis acidic catalyst 
can enhance both the rate and enantioselectivity of the original Lewis acid catalyzed 
reaction with kinetics and theoretical results[18]. List and coworkers used an achiral 
Brønsted amine basic co-catalyst on a chiral Brønsted acid phosphoric acid catalyst to 
form a chiral ion pair that achieves the same effect[19e, 19f]. The effectiveness of the 
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Brønsted acid and base cooperative catalysis is shown through the kinetic studies of 
Johnston and coworkers where they added an achiral Brønsted acid to a chiral 
Brønsted basic catalyst[19a]. The increase in rate and enantioselectivity of the reaction 
validates the ion pairing cooperative catalysis. 
 
6.2 Proton shuttling in guanidine 
Mechanistic studies of bicyclic guanidine catalyzed reaction have presented how the 
bifunctionality of the guanidine moiety catalyzed the reaction by acting as both a 
Brønsted base and a Brønsted acid simultaneously. The guanidine group also acts as a 
proton shuttle to deprotonate and protonate the substrates to afford the 
thermodynamically favoured product. The theoretical studies only present reaction 
rate being 1st order with respect to the bicyclic guanidine, catalyzing the reaction 
through the monomer.  
The possibility of the guanidine dimer mechanism lies with the bifunctionality of the 
guanidine moiety and its capability as a proton shuttle. The existence of the guanidine 
dimer is supported by the existence of numerous X-ray crystal structures of bicyclic 
guanidines. The Brønsted basic N atom of the guanidine forms a hydrogen bond with 
acidic N-H proton of the other guanidine monomer and vice versa to form the 
guanidine dimer. Proton shuttling in catalysis can be found in the mechanism of 
enzyme activation like Chymotrypsin[67] and Histone deactylase 8[68]. Proton shuttling 
occurring between guanidine dimer is supported by the spectroscopic evidence of 
proton exchange between 7-azaindole dimer to form a tautomer dimer[69]. Azaindole 
is a structural analogue of guanidine. The guanidine dimer mechanism exemplifies the 
mutual activation between two monomers of the same Brønsted basicity, enhancing 
both the enantioselectivity and kinetics of the reaction. This differentiates itself from 
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the Brønsted acid and base cooperative catalysis and will imply better synthetic 
efficiency where only one catalyst is generated to activate itself. Preliminary kinetic 
studies on Reaction 3 by Tan and co-workers[70] revealed that the reaction is second 
order with respect to the catalyst. This proves that two moles of catalyst is required to 
catalyze one mole of the reactants, supporting the guanidine dimer catalyzed 
mechanism.  
 
6.3 C-H−X interactions in catalysis 
Enantioselectivity in catalysis is significantly dependent on substrate interaction with 
the catalyst besides the conventional hydrogen bonding. C-H−X[71] (where X is an 
electronegative atom like F, O or N) and C-H−π interactions[72] are the contributing 
factors that drive the reaction towards the catalyzed mechanism despite the higher 
entropic cost of assembling reactants and catalyst. Various theoretical studies have 
supported the observation that C-H−X interactions although weaker, can be 
comparable to hydrogen bonding interactions[73]. STM experimental observation of 
cinchona alkaloid derivate cocatalyst[71b] demonstrated the role of C-H−X interactions 
in affecting the enantioselective outcome of the reaction.  Spectroscopic and X ray 
crystallographic structure evidence also supports the significance of C-H−X 
interactions of the substrate with the catalyst in the enantioselectivity of catalyzed 
reaction.[71a, 72] Similarly the C-H−X interaction will prove to be critical in stabilizing 
the guanidine dimer substrate intermediates and transition states, making it kinetically 
more favourable than the less entropically demanding guanidine monomer catalysis 
mechanism. In this chapter, the effect of the substrate interaction with the guanidine 
and the resultant mechanism is explored. 
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The phospha-Michael reaction (Scheme 6.1) is investigated with three reactions with 
either the phosphine oxide or the Michael acceptor varied and the effect of the 
different substrate on the mechanism is thus investigated. The reactants in Reaction 1 
are the diphenyl phosphine oxide 6-2 and the nitrostyrene 6-3 electrophile previously 
described in Chapter 4. Reactions 2 and 3 share the same mesityl-itaconimide 6-6 
electrophile but the substituent on the phosphine oxide varies. For Reaction 2, 
dinaphthyl-phosphine oxide 6-5 is used while di-ortho-trifluromethyl-phenyl-
phosphine oxide 6-8 is used for Reaction 3. Similarly, the thio-Michael in Chapter 5 is 
explored with the possibility of the guanidine catalyzed mechanism with the 
pthalimide 6-12 electrophile and thiophenolate 6-11. 
 
6.4 Computational methods 
All structures were optimized together with frequencies calculations via M06-
2X[32]/6-31g* at the experimental temperature of 253.15K using Gaussian 09[32]. 
Higher level calculations M06-2X/6-311+g** with implicit SMD[64] solvation in 
toluene were obtained with the gas phase geometries to afford the solvated Gibbs free 
energies. NBO donor and acceptor interactions were calculated in the Gaussian 09 







































Scheme 6.7 Reaction 3 guanidine dimer mechanism 
 
The bicyclic guanidine catalyzed tandem conjugate addition-protonation reaction 
occurs in 3 stages; (1) the activation of the nucleophile, (2) the conjugate addition step 
and (3) the protonation of the resulting anionic substrate. 
 
For the phospha-Michael reaction, the activation of the nucleophile occurs through the 
tautomerization of the phosphine oxide to afford the phosphinic acid tautomer which 
is the active species. Comparing the energy profile of the dimer and monomer 
catalyzed pathway (Figures 6.1 and 6.4), Reaction 1 reveals the tautomerization step 
 128 
to be the rate determining step. The guanidine monomer mechanism for the 
itaconimide electrophile (Schemes 6.3 and 6.4) in Reactions 2 and 3 shows that the 
tautomerization although not as energetically demanding as the C−P bond forming 
rate determining step in the conjugate addition, the barrier height is still significant in 
affecting the kinetics. The protonation step is not the rate determining step in all 3 
reactions but distinguished the enantioselectivity of the product for Reaction 2 and 3.  
 
6.5 Comparison of guanidine monomer and dimer catalyzed tautomerization 
pathways in the phospha-Michael reaction 
The guanidine monomer tautomerization is a concerted mechanism which sees the 
bifunctional guanidine acting as a proton shuttle to deprotonate the phosphine and 
protonate the oxygen of the phosphine oxide simultaneously. The guanidine monomer 
tautomerization in Reaction 1 is more energetically demanding than the other 2 
reaction. This may be caused by the lack of stabilizing interaction of the phenyl 
groups of 6-2 in the tautomerization transition state. Stabilizing non covalent 
interactions can be observed in Reaction 2 and 3 as shown in the NBO donor and 
acceptor interactions in Table 6.1 to Table 6.3. The phosphine oxide 6-5 sees the 
naphthyl group forming C-H−π interaction with the t-butyl groups of the catalyst. C-
H-F interaction features prominently with the t-butyl groups and the acidic α-carbon 
hydrogen of the bicylic guanidine forming non covalent interaction with the CF3 
groups in the tautomerization of phosphine oxide 6-8. 
 
The stepwise guanidine dimer tautomerization (Scheme 6.2 to 6.4) involves the 
deprotonation of the phosphine oxide in the first step to afford a phosphine oxide 
anion guanidinium-guanidine complex. Subsequently the phosphine oxide anion is 
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protonated at the O atom while the guanidine dimer does a internal proton transfer 
from the guanidinium to the guanidine simultaneously to afford the tautomer 
guanidine dimer complex. The guanidine dimer catalyzed tautomerization is 
kinetically more favourable than that of the guanidine monomer mechanism in all 3 
reactions. The dimer conformation allows the phosphine oxide to have stronger non 
covalent interactions with the catalysts but also increase the number of interactions 
due to the presence of an additional catalyst as reflected in the NBO interaction 
energies (Table 6.1 to 6.3). This supported by the comparison of the ∆∆G‡ of the 
guanidine dimer and monomer tautomerization TS energies (Figure 6.1 to 6.3). 
 
 
Figure 6.1 Reaction 1 tautomerization energy profile in SMD solvated ∆G. Filled 





Figure 6.2 Reaction 2 tautomerization energy profile in SMD solvated ∆G. Filled 




Figure 6.3 Reaction 3 tautomerization energy profile in SMD solvated ∆G. Filled 




6.6 Comparison of guanidine monomer and dimer catalyzed conjugate addition 
pathways in the phospha-Michael reaction 
The guanidine monomer catalyzed phospha-Michael conjugate addition is a concerted 
step where the phosphine oxide tautomer is deprotonated by the guanidine while 
forming the C−P bond in the nucleophilic attack on the β-unsaturated carbon of the 
electrophile. The N-H moiety of the guanidine activates the electrophile through 
hydrogen bonding interaction, exhibiting its bifunctionality The conjugate addition is 
the enantioselective step in Reaction 1 and distinctly favours the addition of the 
tautomer to the Re face of the nitrostyrene to afford the nitronate. The factors 
affecting its enantioselectivity were discussed earlier in Chapter 4 where the steric of 
the catalyst's t-butyl groups played a major role. 
 
 In Reactions 2 and 3, the C−P bond forming conjugate addition is the rate 
determining step but not the enantioselective step. The conjugate addition generates 
an achiral enolate and the transition state is again stabilized by the non covalent 
interactions with the phosphine oxide similar to the tautomerization but with the 
additional C-H−π of the guanidine t-butyl group with the mesityl aromatic ring. Again, 
due to the steric constraints of the t-butyl group of the catalyst with the bulky mesityl 
of the itaconimide and the aromatic rings of the phosphinic acid, the conjugate 
addition can occur in one face of the itaconimide (Figure 6.4) in the approach of the 





Figure 6.4 Steric influence in the guanidine monomer catalyzed conjugate addition of 
Reactions 2 and 3 with the bottom view of the TS 
 
 
The concerted guanidine dimer catalyzed conjugate addition entails one monomer 
acting as the Brønsted base to deprotonate the phosphine oxide tautomer while the 
other monomer uses it N-H moiety to form a hydrogen bond to activate the 
electrophile. The bifunctionality of the guanidine is demonstrated with each monomer 
activating one reactant while maintaining the inter guanidine hydrogen bond. For 
Reaction 1, the guanidine dimer catalyzed C−P bond formation acts as a competing 
reaction pathway against the guanidine monomer catalysis when the ∆∆G‡ values of 
the respective enantioselective TS are compared. The dimer catalyzed R 
enantioselective TS is a mere 1 kJmol-1 higher in energy than its monomer catalyzed 
counterpart (Figure 6.8). The guanidine monomer catalyzed C−P bond forming step 
exerts steric constraints on both the reactants such that only one alignment of the 
reactants is favoured and the nitrostyrene hydrogen bonds to the guanidine N-H in the 
s-cis binding mode (Chapter 4) to minimize steric.  The steric restriction of the t-butyl 
groups in the guanidine dimer allows only the s-cis nitrostyrene hydrogen bonding to 
form in the enantioselective R TS (Figure 6.5). This allows an additional hydrogen 
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bonding interaction between the guanidine and β hydrogen on the alkene of the 
conjugated nitrostyrene (Figure 6.5).  Moreover a weak interaction of the nitro group 
with the guanidine Lewis acidic carbon is observed and the interactions are evident in 
the NBO donor and acceptor interactions (Table 6.4). The additional activation of the 
nitrostyrene from these two interactions makes 6-TS-41 12 kJ mol-1 lower in energy 
than 6-TS-41-S, making the dimer catalyzed pathway an viable enantioselective route. 
 
The conjugate addition to itaconimide in Reactions 2 and 3 favours the guanidine 
dimer catalyzed pathway with the C−P bond forming TS being 6 kJ mol-1  (∆∆G‡) 
lower than that of the monomer C−P forming TS. 6-TS50 enables a stronger C-H−π 
interaction of the naphthyl group with the acidic α-carbon hydrogen of the guanidine 
while 6-TS24 only possess C-H−π interaction with the t-butyl group of the guanidine. 
This is supported by the NBO donor and acceptor interactions in Table 6.5 where the 
π bonding orbital of the naphthyl group in the phosphine oxide tautomer of 6-5 donate 
electron to the σ* orbital of the α-carbon hydrogen and the t-butyl groups. For 
Reaction 2, when the mesityl of the itaconimide is facing downwards, it enable 
additional C-H−π interactions with both naphthyl group engaged which is reflected in 
the NBO analysis in Table 6.5 while in 6-TS50b  only one naphthyl group is utilized 
in C-H−π interactions (Figure 6.6). 
 
 In Reaction 3, the conjugate addition 6-TS59 adopts a different conformation of 
itaconimide 6-6, orientating the mesityl group downwards, away from the t-butyl 
groups of the guanidine dimer (Figure 6.7). This enables the o-CF3-phenyl group to 
form additional C-H−F interactions with both the α-carbon hydrogen and t-butyl 
moiety of the guanidine when compared to 6-TS59b where the mesityl group of the 
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itaconimide is oriented upwards. The lack of multiple CH-X interactions makes the 
monomer catalyzed 6-TS31 energetically less favourable than 6-TS59 but the 
stronger hydrogen bond with the guanidine acidic N-H still makes it more stable than 
6-TS59b. The hydrogen bonding interactions of itaconimide O lone pair donation to 
the guanidine N-H σ* orbital and the C-H−F interactions where the lone pair orbital 
of F donates to the σ* orbital of the α-carbon hydrogen and the t-butyl groups are 




Figure 6.5 Reaction 1 guanidine dimer catalyzed conjugate addition TS. The solvated 
Gibbs free energies given are with respect to the corresponding reactants. Dash lines 
indicate hydrogen bonding and bold dotted lines indicate CH-N interaction. Hashed 




Figure 6.6 Reaction 2 energetic preference towards the conjugate addition TS with 
the optimal C-H−π interaction. The solvated Gibbs free energies given are with 
respect to the reactants. C-H−π interactions are shown with bold dotted lines and the 





Figure 6.7 Reaction 3 energetic preference towards the conjugate addition TS with 
the optimal C-H−F interaction. The solvated Gibbs free energies given are with 
respect to the reactants. C-H−F interactions are depicted with bold dotted lines. Bond 




Figure 6.8 Reaction 1 tandem conjugate addition and protonation energy profile in 
SMD solvated ∆G. Filled bars show dimer catalyzed pathway while blank bars 
illustrate the monomer path. 
 
  
Figure 6.9 Reaction 2 tandem conjugate addition and protonation energy profile in SMD 




Figure 6.10 Reaction 3 tandem conjugate addition and protonation energy profile in 
SMD solvated ∆G. Filled bars show dimer catalyzed pathway while blank bars 
illustrate the monomer path. 
 
6.7 Comparison of guanidine monomer and dimer catalyzed protonation 
pathways in the phospha-Michael reaction 
The bifunctionality exhibited in the guanidine monomer catalyzed protonation step 
sees the guanidinium activating the conjugate base while protonating the α-carbon of 
the electrophile to afford the final phospha-Michael product. Reaction 1 does not 
show any distinct preference for the kinetically silent protonation of the nitronate 
whose chirality is already set in the conjugate addition step.  
For Reaction 2 and 3, this is the enantioselective step. The protonation on the Re or Si 
face of the pro-chiral enolate will determine the enantioselectivity of the reaction. The 
∆∆G‡ of the transition states favours the Si face protonation for both reactions (Figure 
6.11) due to the steric induced by the t-butyl group of the guanidine. The steric 
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constraints greatly disfavour protonation in the Re face due to the steric repulsion 




Figure 6.11 Guanidine monomer catalyzed protonation enantioselectivity in the side 
view and view from the bottom. Energies given are with respect to their reactants in 
SMD solvated Gibbs free energies. 
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The protonation step in Reaction 1 does not affect the enantioselectivity and is 
kinetically silent (Figure 6.8). The enantioselectivity of the dimer catalyzed 
protonation is influenced strongly by the favourable non covalent interaction with the 
catalyst while the monomer catalyzed protonation is governed by the steric repulsion 
experienced by the substrate.  
The presence of intramolecular P=O hydrogen bond with the acidic α-carbon 
hydrogen of the itaconimide moiety and CH-O interaction of the naphthyl group with 
the amide oxygen in 6-TS52 differentiate the enantioselectivity of the reaction as the 
R enantiomeric protonation TS (6-TS52-R) possess similar hydrogen bonding 
interaction as 6-TS52 (Figure 6.9). This trend is reiterated in the product where 6-7 is 
+17 kJ mol-1 more stable than 6-7b which do not possess such interactions (Figure 
6.12).  
The enantioselectivity in Reaction 3 is a result of TS61 having stronger C-H-F (o-
CH3-Ph) and CH-O (phosphine oxide O moiety) interactions with the more acidic α-
carbon hydrogens of the cationic guanidinium moiety instead of  R protonation TS61-
R which forms C-H−F  interactions with the neutral guanidine moiety. This causes 
the energetic preference towards the S enantiomeric protonation TS by 22 kJ mol-1. 
All hydrogen bond, C-H−X and C-H−π interactions between the nitronate and the 
guanidine are supported by NBO donor and acceptor interactions listed in Table 6.7 
while the interactions of the enolate in Reactions 2 and 3 with the guanidine are 





Figure 6.12 Reaction 2 guanidine dimer catalyzed protonation enantioselectivity. The 
solvated ∆G given are with respect to the reactants. C-H−O interactions with 
phosphine oxide O moiety and C-H−O interactions with the amide moiety are 
indicated with bold dotted lines while hydrogen bonding and forming C-hydrogen 
bond is illustrated with dashed lines. Bond distances are given in Å. Selected t-butyl 





Figure 6.13 Reaction 3 guanidine dimer catalyzed protonation enantioselectivity. The 
solvated Gibbs free energies given are with respect to the reactants. C-H−O 
interactions are illustrated with bold dotted lines while C-H−F interactions are shown 
in dashed lines. Bond distances are given in Å.  
 
The trend in the phospha-Michael reaction demonstrates the effectiveness of the 
guanidine dimer in catalyzing the tautomerization process as all three reactions 
studied showed an energetic preference towards the dimer catalysis. The guanidine 
dimer catalysis in the C−P bond formation step favours only Reaction 2 and 3 while it 
acts as a competing mechanism in Reaction 1. C-H−π interactions between the phenyl 
group in 6-2 and the guanidine catalyst in Reaction 1 were insufficient in stabilizing 
the TS to make it significantly more favourable than the monomer catalyzed TS due 
to the entropic cost of assembling 4 molecules. C-H−π and C-H−F interactions in 
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Reactions 2 and 3 increased the stability of the guanidine dimer catalyzed TS to 
overcome the entropic cost and establish its distinct preference over the guanidine 
monomer mechanism. A similar trend in the conjugate addition step is repeated in the 
guanidine dimer catalyzed protonation step where Reactions 2 and 3 exhibit energetic 
preference for the dimer catalysis. We can see that the higher the quantity and 
magnitude of non-covalent interactions (CH−X and Lewis acidic interactions) the 
substrates have with the catalyst in a transition state, the stronger it’s influence on the 










Scheme 6.9 Guanidine dimer catalyzed thio-Michael reaction 
 
6.8 Comparison of guanidine monomer and dimer catalyzed pathways in the 
thio-Michael reaction  
The tandem thio-Michael enantioselective protonation goes through the same 3 stages 
of catalysis. The factors inducing the kinetic stability and enantioselectivity of the 
guanidine monomer catalyzed reaction were discussed in Chapter 5. The thiophenol 
deprotonation process although kinetically silent, is accelerated considerably by the 
guanidine dimer catalysis (Figure 6.14). One monomer helps to activate the Brønsted 
acidic thiophenol through hydrogen bonding while the other monomer acts as a 
Brønsted base to deprotonate the thiophenol. The additional hydrogen bond activation 
is responsible for the making the guanidine TS much more stable than the guanidine 
monomer 6-TS74. 
 The guanidine dimer catalyzed C-S bond forming step sees both monomer acting as 
Brønsted acid, with one monomer activating the carbonyl group of the ester in the 
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phthalimide while the other monomer activates the thiophenolate. Unlike the 
monomer catalyzed thio-Michael conjugate addition, it is not possible to form a 3 
point interaction system due to the steric constraints of the dimer. The more 
energetically favourable 6-TS77 possesses a stronger hydrogen bonding to the 
carbonyl oxygen of the ester instead of the carbonyl group in the amide as found in 6-
TS77b (Figure 6.16). The stronger hydrogen bond activation in 6-TS77 is supported 
by the bond length and NBO donor and acceptor interactions in Table 6.11.  
The protonation step again see the dimer role as a  Brønsted acid, with one monomer 
and the carbonyl group of the ester in the enolate forming a hydrogen bond while the 
other monomer acts as a proton donor to the α-carbon (with respect to the amide and 
the ester) of the enolate. There is no enantioselectivity in the dimer catalyzed 
protonation step as the protonation in the Re and Si face of the enolate yield similar 
energetic stability (c.f 6-TS79 and 6-TS79-R in Figure 6.17). The conformation of 
the enolate in E or Z form does not affect the energetic selectivity as well where 6-
TS79 and 6-TS79-R posses the E enolate while 6-TS79Z and 6-TS79Z-R has the 
enolate is Z conformation. Since steric hindrance do not play a major role in the dimer 
catalyzed protonation, the lack of distinctive CH-O interactions between protonation 






Figure 6.14 Thiophenol deprotonation energy profile in SMD solvated ∆G. Filled 
bars show dimer catalyzed pathway while blank bars illustrate the monomer pathway 
 
Both the conjugate addition and enantioselective protonation step are hampered by the 
entropic costs to be energetically viable for the guanidine dimer catalyzed mechanism 
(Figure 6.15). The lack of a strong Lewis acidic and dual hydrogen bond activation in 
the conjugate addition (the most stable activation mode shown in Chapter 5) leads to 
the preference of the monomer catalyzed mechanism. This trend can be compared to 
Reaction 1 in the phospha-Michael mechanism where the lack of CH−X interactions 
with the catalyst causes the conjugate addition step and the protonation step to prefer 
the guanidine monomer catalysis. The resultant mechanism of both reactions 
(Schemes 6.10 and 6.11) will undergo the initial generation of the active nucleophile 
via the guanidine dimer mechanism before losing a guanidine monomer to proceed to 





Figure 6.15 Thio-Michael tandem conjugate addition and protonation energy profile 
in SMD solvated ∆G. Filled bars show dimer catalyzed pathway while blank bars 






Figure 6.16 Dimer catalyzed thio-Michael conjugate addition TS. The energy is given 
as solvated ∆G w.r.t reactants. Dotted lines indicated the hydrogen bond present and 




Figure 6.17 Dimer catalyzed thio-Michael protonation TS. The energy is given as 
solvated ∆G w.r.t reactants. Dotted lines indicated the hydrogen bond present and the 









Scheme 6.11 Resultant mechanism of thio-Michael reaction 
 
6.9 Conclusion 
The guanidine dimer catalyzed mechanism is highly favourable for proton transfer 
reaction as both guanidine monomers are able to form stabilizing interactions with the 
reactant. Conjugate addition is substrate dependent and may go through the monomer 
catalyzed mechanism instead because of the high entropic costs. Repulsive steric 
constraints play a major role in the asymmetry of the guanidine monomer mechanism 
while attractive non covalent interactions like C-H−X interactions and hydrogen 
bonding determines the enantioselectivity in the guanidine dimer pathway. 
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Table 6.1 NBO donor acceptor interactions of the Phosphine oxide tautomerization 
step in Reaction 1. M1 is the guanidine monomer that deprotonates 6-2. M2 is the 
guanidine monomer that protonates 6-2. PO stands for 6-2.  Gua stands for the 
guanidine functional group. M is the guanidine monomer mechanism catalyst. 
 
TS/ 
Intermediate Donor Acceptor 
Interaction 





      
6-TS36      
M2 to M1 Gua N lone pair  Gua N-H σ* 146.9 1.77 165 
PO to M1 O lone pair Gua N-H σ* 39.1 1.75 165 
PO to M1 Ph C=C π αC-H σ* 3.8 2.59  
PO to M1 Ph C=C π αC-H σ* 0.7 2.89  
PO to M2 O lone pair tBu C-H σ* 4.9 2.4 170 
PO to M2 Ph C=C π αC-H σ* 1.1 3.13  
PO to M2 Ph C=C π tBu C-H σ* 2.5 2.80  
      
      
6-TS38      
PO to M1 P lone pair Gua N-H σ* 121.3 2.22 146 
PO to M1 O lone pair tBu C-H σ* 2.2 2.57 173 
PO to M1 Ph C=C π αC-H σ* 1.7 2.93  
PO to M1 Ph C=C π tBu C-H σ* 0.8 2.88  
PO to M1 Ph C=C π tBu C-H σ* 1.0 2.85  
PO to M1 Ph C=C π tBu C-H σ* 0.8 3.13  
PO to M2 P lone pair tBu C-H σ* 5.6 3.06 163 
PO to M2 Ph C=C π αC-H σ* 5.7 2.51  
PO to M2 Ph C=C π αC-H σ* 2.8 2.87  
PO to M2 Ph C=C π αC-H σ* 0.8 2.93  
      
      
6-39      
M2 to M1 Gua N lone pair  Gua N-H σ* 111.8 1.84 167 
PO to M1 P lone pair Gua N-H σ* 49.4 2.5 146 
PO to M1 Ph C=C π αC-H σ* 1.9 2.87  
PO to M1 Ph C=C π tBu C-H σ* 0.0 2.82  
PO to M1 Ph C=C π tBu C-H σ* 1.1 2.81  
M2 to PO N lone pair PO O-H σ* 182.9 1.72 155 
PO to M2 P lone pair tBu C-H σ* 1.5 3.25 156 
PO to M2 O lone pair αC-H σ* 2.5 2.68  
PO to M2 O lone pair αC-H σ* 2.2 2.9  
PO to M2 Ph C=C π αC-H σ* 0.8 2.90  
PO to M2 Ph C=C π αC-H σ* 0.7 2.90  
      
      
6-TS14      
PO to M O lone pair tBu C-H σ* 2.2 2.52 157 
PO to M Ph C=C π tBu C-H σ* 3.5 2.78  
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6-15      
M to PO N lone pair PO O-H σ* 191.0 1.78 161 
PO to M P lone pair Gua N-H σ* 38.8 2.56  
PO to M O lone pair tBu C-H σ* 1.7 2.47 152 
PO to M Ph C=C π tBu C-H σ* 3.3 2.81  
PO to M Ph C=C π tBu C-H σ* 0.8 2.83  
 
 
Table 6.2 NBO donor acceptor interactions of the Phosphine oxide tautomerization 
step in Reaction 2. M1 is the guanidine monomer that deprotonates 6-5. M2 is the 
guanidine monomer that protonates 6-5. PO stands for 6-5.  Gua stands for the 
guanidine functional group while NAP stands for the Naphthyl group. M is the 
guanidine monomer mechanism catalyst. 
 
TS/ 





length/Ǻ Bond angle/° 
      
6-TS45      
M1 to M2 Gua N lone pair Gua N-H σ* 152.4 1.77 170 
PO to M1 O lone pair Gua N-H σ* 40.4 1.76 165 
PO to M1 NAP C=C π αC-H σ* 3.1 2.60  
PO to M1 NAP C=C π αC-H σ* 0.7 2.98  
PO to M1 NAP C=C π αC-H σ* 2.7 2.81  
PO to M1 NAP C=C π tBu C-H σ* 1.4 3.12  
PO to M1 NAP C=C π tBu C-H σ* 0.7 3.27  
PO to M2 O lone pair tBu C-H σ* 9.5 2.31 175 
PO to M2 NAP C=C π αC-H σ* 2.6 2.56  
      
6-TS47      
PO to M1 P lone pair Gua N-H σ* 131.3 2.22 147 
PO to M1 O lone pair tBu C-H σ* 3.9 2.41 177 
PO to M1 NAP C=C π αC-H σ* 5.7 2.46  
PO to M1 NAP C=C π tBu C-H σ* 0.9 3.04  
PO to M2 P lone pair tBu C-H σ* 2.3 3.22 159 
PO to M2 NAP C=C π αC-H σ* 1.8 2.66  
PO to M2 NAP C=C π tBu C-H σ* 1.6 3.03  
      
6-48      
M1 to M2 Gua N lone pair Gua N-H σ* 93.7 1.88 163 
PO to M1 P lone pair Gua N-H σ* 35.4 2.63 134 
PO to M1 P lone pair αC-H σ* 1.7 3.02 121 
PO to M1 NAP C=C π αC-H σ* 2.9 2.47  
PO to M1 NAP C=C π αC-H σ* 1.0 2.98  
PO to M1 NAP C=C π tBu C-H σ* 1.3 3.12  
M2 to PO Gua N lone pair O-H σ* 156.9 1.69 155 
PO to M1 O lone pair αC-H σ* 0.6 2.84 104 
PO to M2 NAP C=C π αC-H σ* 1.3 2.79  
PO to M2 NAP C=C π αC-H σ* 2.8 2.85  
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6-TS21      
PO to M O lone pair tBu C-H σ* 0.8 2.74 149 
PO to M NAP C=C π tBu C-H σ* 3.3 2.95  
      
6-22      
M to PO Gua N lone pair O-H σ* 194.9 1.77 162 
PO to M P lone pair Gua N-H σ* 39.3 2.56 137 
PO to M NAP C=C π tBu C-H σ* 3.2 2.80  
PO to M NAP C=C π tBu C-H σ* 1.0 2.71  
 
 
Table 6.3 NBO donor acceptor interactions of the Phosphine oxide tautomerization 
step in Reaction 3. M1 is the guanidine monomer that deprotonates 6-8. M2 is the 
guanidine monomer that protonates 6-8. PO stands for 6-8.  Gua stands for the 
guanidine functional group. M is the guanidine monomer mechanism catalyst. 
 
TS/ 
Intermediate Donor Acceptor 
Interaction 





      
6-TS54      
M2 to M1 Gua N lone pair Gua N-H σ* 43.4 2.08 137 
PO to M1 O lone pair Gua N-H σ* 66.2 1.82 152 
PO to M2 O lone pair Gua N-H σ* 5.4 2.23 125 
PO to M2 O lone pair tBu C-H σ* 0.9 2.80 154 
PO to M2 F lone pair αC-H σ* 1.2 2.42 121 
PO to M2 F lone pair tBu C-H σ* 3.2 2.57 167 
PO to M2 F lone pair tBu C-H σ* 1.6 2.60 123 
      
      
6-TS56      
PO to M1 P lone pair Gua N-H σ* 43.6 2.40 130 
PO to M1 O lone pair tBu C-H σ* 21.0 2.17 178 
PO to M1 F lone pair αC-H σ* 1.7 2.34 124 
PO to M1 Ph C=C π αC-H σ* 2.6 2.87  
PO to M2 Ph C=C π tBu C-H σ* 1.5 2.89  
PO to M2 F lone pair Gua C=N π* 1.4 2.98  
PO to M2 F lone pair αC-H σ* 1.1 2.54 117 
PO to M2 Ph C=C π αC-H σ* 1.7 2.65  
PO to M2 Ph C=C π αC-H σ* 2.2 2.72  
PO to M2 Ph C=C π αC-H σ* 2.3 2.73  
PO to M2 Ph C=C π tBu C-H σ* 1.9 3.1  
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6-57      
M2 to M1 Gua N lone pair Gua N-H σ* 120.7 1.81 165 
PO to M1 P lone pair Gua N-H σ* 23.6 2.67 127 
PO to M1 P lone pair αC-H σ* 1.2 2.99 120 
PO to M1 F lone pair αC-H σ* 0.9 2.32 123 
PO to M1 F lone pair tBu C-H σ* 1.6 2.5 113 
PO to M1 Ph C=C π tBu C-H σ* 1.7 3.07  
M2 to PO Gua N lone pair O-H σ* 236.1 1.72 156 
PO to M2 F lone pair Gua C=N π* 2.9 2.86  
PO to M2 F lone pair αC-H σ* 1.0 2.51 115 
PO to M2 Ph C=C π αC-H σ* 3.1 2.64  
PO to M2 Ph C=C π αC-H σ* 1.3 3  
PO to M2 Ph C=C π αC-H σ* 0.9 2.91  
PO to M2 Ph C=C π tBu C-H σ* 0.0   
      
      
6-TS28      
PO to M P lone pair Gua N-H σ* 0.0   
PO to M O lone pair tBu C-H σ* 1.9 2.64 149 
PO to M F lone pair tBu C-H σ* 6.1 2.4 178 
PO to M F lone pair tBu C-H σ* 1.1 2.5 109 
PO to M F lone pair tBu C-H σ* 2.0 2.53 130 
PO to M F lone pair tBu C-H σ* 1.6 2.43 160 
      
      
6-29      
M2 to PO Gua N lone pair O-H σ* 324.0 1.63 171 
PO to M P lone pair Gua N-H σ* 28.7 2.66 136 
PO to M O lone pair tBu C-H σ* 1.3 2.6 147 












Table 6.4 NBO donor acceptor interactions of the conjugate addition step in Reaction 
1. M1 is the guanidine monomer that hydrogen bonds to 6-2.M2 is the guanidine 
monomer that hydrogen bonds to 6-3. PO stands for 6-2 while NO2 is 6-3.  Gua 
stands for the guanidine functional group. M is the guanidine monomer mechanism 
catalyst. β-C=C-H is the β hydrogen on the conjugated C=C double bond of nitrostyrene. 
 




Bond length/Ǻ Bond angle/° 
      
6-TS41      
M2 to M1 Gua N lone pair  Gua N-H σ* 134.2 1.80 175 
PO to M1 Ph C=C π tBu C-H σ* 1.5 2.82  
PO to M2 Ph C=C π αC-H σ* 0.7 2.84  
PO to M2 Ph C=C π αC-H σ* 1.5 2.97  
 M1 to NO2 N=C π β-C=C-H 1.7 2.77  
NO2 to M1 O lone pair N=C π* 0.5 3.07  
NO2 to M1 O lone pair tBu C-H σ* 2.5 2.39 159 
NO2 to M2 O lone pair Gua N-H σ* 15.4 1.93 159 
NO2 to M2 O lone pair Gua N-H σ* 1.3 2.45 125 
NO2 to M2 O lone pair αC-H σ* 1.6 2.52 123 
NO2 to M2 O lone pair tBu C-H σ* 2.7 2.58 127 
      
      
6-TS41-S      
M2 to M1 Gua N lone pair  Gua N-H σ* 56.6 1.97 144 
PO to M1 O lone pair tBu C-H σ* 1.5 2.91 151 
PO to M2 O lone pair tBu C-H σ* 9.9 2.44 164 
PO to M2 Ph C=C π tBu C-H σ* 5.3 2.56  
NO2 to M1 O lone pair tBu C-H σ* 9.6 2.29 165 
NO2 to M1 O lone pair tBu C-H σ* 1.0 2.88 141 
NO2 to M2 O lone pair Gua N-H σ* 14.6 1.90 173 
NO2 to M2 O lone pair Gua N-H σ* 2.0 2.34 123 
      
6-TS17      
PO to M O lone pair tBu C-H σ* 0.7 2.75 144.0 
PO to M Ph C=C π tBu C-H σ* 0.9 2.74  
NO2 to M O lone pair Gua N-H σ* 40.5 1.79 177 
M to NO2 N lone pair β-C=C-H 2.2 2.56 160 
      
6-TS17-S      
PO to M O lone pair tBu C-H σ* 3.6 2.32 145.0 
PO to M Ph C=C π tBu C-H σ* 2.9 2.73  
NO2 to M O lone pair Gua N-H σ* 9.2 2.03 137 





Table 6.5 NBO donor acceptor interactions of the conjugate addition step in Reaction 
2. M1 is the guanidine monomer that hydrogen bonds to 6-5.M2 is the guanidine 
monomer that hydrogen bonds to 6-6. PO stands for 6-5 while amide is 6-6.  Gua 
stands for the guanidine functional group, NAP stands for the Naphthyl group and 
Mes is the mesityl group on 6-6. M is the guanidine monomer mechanism catalyst. 
 




Bond length/Ǻ Bond angle/° 
      
6-TS50      
M2 to M1 Gua N lone pair Gua N-H σ* 188.3 1.71 170 
PO to M1 NAP C=C π αC-H σ* 4.5 2.70  
PO to M1 NAP C=C π tBu C-H σ* 0.5 2.91  
PO to M1 NAP C=C π tBu C-H σ* 0.5 3.22  
PO to M1 O lone pair tBu C-H σ* 7.2 2.47 160 
PO to M2 NAP C=C π αC-H σ* 0.8 2.86  
PO to M2 NAP C=C π αC-H σ* 1.0 2.75  
PO to M2 NAP C=C π αC-H σ* 3.2 2.70  
PO to M2 NAP C=C π tBu C-H σ* 0.8 3.06  
PO to M2 O lone pair tBu C-H σ* 3.1 2.72 165 
amide to M1 Mes  C=C π tBu C-H σ* 4.3 2.69  
amide to M1 Mes  C=C π αC-H σ* 0.5 3.23  
amide to M1 O lone pair tBu C-H σ* 7.2 2.44 167 
amide to M2 O lone pair tBu C-H σ* 2.3 2.48 151 
amide to M2 O lone pair Gua N-H σ* 37.5 1.93 164 
      
      
6-TS50b      
M2 to M1 Gua N lone pair Gua N-H σ* 116.1 1.85 179 
PO to M2 NAP C=C π tBu C-H σ* 0.7 2.79  
PO to M2 NAP C=C π αC-H σ* 4.4 3.06  
PO to M2 O lone pair tBu C-H σ* 7.4 2.42 144 
amide to M1 O lone pair tBu C-H σ* 2.6 2.60 147 
amide to M2 O lone pair Gua N-H σ* 40.0 1.83 147 
amide to M2 O lone pair tBu C-H σ* 1.3 2.63 112 
amide to M2 Mes  C=C π tBu C-H σ* 3.5 2.76  
      
6-TS24      
PO to M O lone pair tBu C-H σ* 6.9 2.35 152 
PO to M NAP C=C π tBu C-H σ* 3.1 2.79  
PO to M NAP C=C π Gua N-H σ* 1.6 2.80  
amide to M O lone pair Gua N-H σ* 49.9 1.84 144 






Table 6.6 NBO donor acceptor interactions of the conjugate addition step in Reaction 
3. M1 is the guanidine monomer that hydrogen bonds to 6-8.M2 is the guanidine 
monomer that hydrogen bonds to 6-6. PO stands for 6-8 while amide is 6-6.  Gua 
stands for the guanidine functional group, NAP stands for the Naphthyl group and 
Mes is the mesityl group on 6-6. M is the guanidine monomer mechanism catalyst.. 
 
TS Donor Acceptor 
Interaction 
 Energy 
 /kJ mol-1 
Bond 
length/Ǻ Bond angle/° 
      
6-TS59      
M2 to M1 Gua N lone pair Gua N-H σ* 191.0 1.70 172 
PO to M1 F lone pair αC-H σ* 5.4 2.25 151 
PO to M1 Ph C=C π tBu C-H σ* 0.9 2.96  
PO to M2 O lone pair tBu C-H σ* 10.2 2.27 153 
PO to M2 F lone pair αC-H σ* 1.5 2.50 160 
PO to M2 F lone pair tBu C-H σ* 0.5 2.66 123 
PO to M2 F lone pair C=N π* 3.2 2.83  
PO to amide Ph C=C π Mes C-H σ* 1.2 3.04  
PO to amide Ph C=C π Mes C-H σ* 0.7 2.9  
amide to M1 O lone pair tBu C-H σ* 0.6 2.51 145 
amide to M2 O lone pair Gua N-H σ* 38.2 1.88 141 
amide to M2 O lone pair αC-H σ* 0.9 2.63 109 
amide to M2 O lone pair tBu C-H σ* 0.7 2.71 117 
amide to M2 Mes  C=C π tBu C-H σ* 2.0 2.71  
amide to M2 Mes  C=C π tBu C-H σ* 2.0 2.87  
amide to M2 Mes  C=C π tBu C-H σ* 1.9 2.75  
      
6-TS59b      
M2 to M1 Gua N lone pair Gua N-H σ* 165.1 1.74 172 
PO to M1 F lone pair αC-H σ* 0.8 2.56 118 
PO to M1 Ph C=C π tBu C-H σ* 0.8 2.88  
PO to M2 O lone pair tBu C-H σ* 1.7 2.86 159 
PO to M2 F lone pair αC-H σ* 1.8 2.5 164 
PO to M2 Ph C=C π αC-H σ* 0.7 2.9  
PO to M2 Ph C=C π αC-H σ* 5.6 2.63  
amide to M1 O lone pair tBu C-H σ* 9.6 2.37 162 
amide to M1 Mes  C=C π tBu C-H σ* 4.0 2.73  
amide to M1 Mes  C=C π tBu C-H σ* 0.7 2.86  
amide to M2 O lone pair Gua N-H σ* 33.1 1.83 167 
amide to M2 O lone pair αC-H σ* 1.8 2.34 164 
      
6-TS31      
PO to M F lone pair Gua N-H σ* 4.9 2.37 110 
PO to M F lone pair tBu C-H σ* 2.7 2.4 160 
PO to M O lone pair tBu C-H σ* 10.2 2.26 154 
PO to M O lone pair tBu C-H σ* 0.8 2.84 136 
PO to amide Ph C=C π Mes C-H σ* 2.4 2.77  
amide to M O lone pair Gua N-H σ* 46.5 1.73 156 
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Table 6.7 NBO donor acceptor interactions of the protonation step in Reaction 1. M1 
is the guanidine monomer that hydrogen bonds to the nitro functional group NO2. M2 
is the guanidine monomer that donates the proton to the nitronate. PO stands for the 
phosphine oxide functional group.  Gua stands for the guanidine functional group. M 
is the guanidine monomer mechanism catalyst. 
 
TS Donor Acceptor 
Interaction 
Energy 





      
6-TS43      
M2 to M1 Gua N lone pair Gua N-H σ* 146.4 1.78 175 
PO to M1 Ph C=C π αC-H σ* 2.8 2.70  
PO to M1 Ph C=C π αC-H σ* 2.5 2.67  
PO to M1 Ph C=C π αC-H σ* 1.1 2.75  
PO to M2 O lone pair tBu C-H σ* 5.1 2.42 133 
NO2 to M1 O lone pair Gua N-H σ* 19.5 1.89 170 
NO2 to M2 O lone pair αC-H σ* 1.0 2.51 121 
NO2 to M2 O lone pair tBu C-H σ* 1.1 2.73 112 
      
6-TS43-S      
M2 to M1 Gua N lone pair Gua N-H σ* 148.3 1.78 170 
PO to M1 O lone pair αC-H σ* 9.1 2.3 132 
PO to M1 O lone pair αC-H σ* 2.8 2.4 124 
PO to M1 Ph C=C π tBu C-H σ* 0.8 3.01  
PO to M2 Ph C=C π tBu C-H σ* 1.5 2.87  
PO to M1 Ph C=C π αC-H σ* 0.0   
PO to M2 O lone pair tBu C-H σ* 0.0   
NO2 to M1 O lone pair Gua N-H σ* 15.2 1.95 170 
NO2 to M2 O lone pair C=N π* 2.5 2.81  
NO2 to M2 O lone pair αC-H σ* 0.9 2.75 114 
NO2 to M2 O lone pair tBu C-H σ* 1.5 2.66 116 
NO2 to M2 Ph C=C π αC-H σ* 4.8 2.6  
NO2 to M2 Ph C=C π tBu C-H σ* 1.0 3.10  
      
6-TS19      
PO to M O lone pair tBu C-H σ* 5.4 2.40 147.0 
NO2 to M O lone pair Gua N-H σ* 12.3 2.03 143 
NO2 to M O lone pair tBu C-H σ* 2.6 2.62 148 
NO2 to M O lone pair tBu C-H σ* 1.8 2.51 150 
NO2 to M Ph C=C π tBu C-H σ* 8.7 2.58  
NO2 to M Ph C=C π tBu C-H σ* 1.9 2.94  
      
6-TS19-S      
PO to M O lone pair αC-H σ* 9.0 2.31 143 
PO to M O lone pair tBu C-H σ* 1.5 2.71 139 
NO2 to M O lone pair Gua N-H σ* 19.9 1.90 145 
NO2 to M O lone pair tBu C-H σ* 2.6 2.51 147 
NO2 to M O lone pair tBu C-H σ* 1.2 2.68 149 
NO2 to M Ph C=C π tBu C-H σ* 1.6 3.01  
NO2 to M Ph C=C π tBu C-H σ* 1.5 2.98  
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Table 6.8 NBO donor acceptor interactions of the protonation step in Reaction 2. M1 
is the guanidine monomer that hydrogen bonds to the amide functional group. M2 is 
the guanidine monomer that protonates the enolate. PO stands for the Phosphine oxide 
functional group while amide is the itaconimide functional group.  Gua stands for the 
guanidine functional group, NAP stands for the Naphthyl group and Mes is the 
mesityl group on 6-6. M is the guanidine monomer mechanism catalyst 
 
TS/ 
Intermediate Donor Acceptor 
Interaction 
 Energy / 
kJ mol-1 
Bond 
length/Ǻ Bond angle/° 
      
6-TS52      
M1 to M2 Gua N lone pair Gua N-H σ* 167.7 1.74 169 
PO to M2 NAP C=C π tBu C-H σ* 0.6 3.19  
PO to M2 NAP C=C π tBu C-H σ* 1.2 3.08  
PO to M2 NAP C=C π αC-H σ* 1.5 2.70  
amide to M1 O lone pair Gua N-H σ* 53.6 1.75 175 
amide to M1 Mes  C=C π αC-H σ* 2.6 2.64  
amide to M1 Mes  C=C π αC-H σ* 4.3 2.57  
amide to M1 Mes  C=C π αC-H σ* 1.1 2.80  
amide to M1 Mes  C=C π αC-H σ* 1.0 2.60  
amide to M1 Mes  C=C π tBu C-H σ* 1.5 3.13  
amide to M2 O lone pair tBu C-H σ* 4.3 2.52 176 
PO to amide O lone pair αC-H σ* 3.3 2.46 126 
amide to PO O lone pair NAP C-H σ* 10.3 2.16 160 
      
6-TS52-R      
M1 to M2 Gua N lone pair Gua N-H σ* 166.1 1.75 168 
PO to M1 O lone pair αC-H σ* 5.1 2.32 118 
PO to M1 O lone pair αC-H σ* 1.8 2.52 118 
PO to M1 NAP C=C π αC-H σ* 2.7 2.75  
PO to M1 NAP C=C π αC-H σ* 0.8 3.06  
PO to M1 NAP C=C π tBu C-H σ* 1.1 2.90  
amide to M1 O lone pair Gua N-H σ* 45.6 1.76 172 
amide to M2 O lone pair tBu C-H σ* 2.9 2.51 164 
amide to M2 Mes  C=C π αC-H σ* 1.5 2.90  
      
6-TS26      
PO to M O lone pair αC-H σ* 9.0 2.21 135 
PO to M O lone pair tBu C-H σ* 2.3 2.65 136 
PO to M NAP C=C π tBu C-H σ* 0.8 3.04  
PO to M NAP C=C π tBu C-H σ* 1.1 3.04  
amide to M O lone pair Gua N-H σ* 42.0 1.77 158 
      
6-TS26-R      
PO to M O lone pair Gua N-H σ* 12.3 2.18 110 
PO to M O lone pair αC-H σ* 1.5 2.56 112 
PO to M O lone pair tBu C-H σ* 1.0 2.80 117 
amide to M O lone pair Gua N-H σ* 27.0 1.83 148 
amide to M O lone pair tBu C-H σ* 0.9 2.89 146 
      
 162 
6 -7      
PO to amide O lone pair Mes C-H σ* 3.2 2.41 159 
PO to amide O lone pair αC-H σ* 0.6 2.44 108 
amide to PO O lone pair NAP C-H σ* 12.6 2.50 104 
      
6-7b      
amide to PO Mes  C=C π αC-H σ* 3.1 2.67  
 
 
Table 6.9 NBO donor acceptor interactions of the protonation step in Reaction 3. M1 
is the guanidine monomer that hydrogen bonds to the amide functional group. M2 is 
the guanidine monomer that protonates the enolate. PO stands for the Phosphine oxide 
functional group while amide is the itaconimide functional group.  Gua stands for the 
guanidine functional group and Mes is the mesityl group on 6-6. M is the guanidine 
monomer mechanism catalyst 
 








      
6-TS61      
M2 to M1 Gua N lone pair Gua N-H σ* 151.4 1.76 168 
PO to M2 O lone pair αC-H σ* 5.3 2.25 131 
PO to M2 O lone pair αC-H σ* 3.1 2.45 124 
PO to M2 F lone pair αC-H σ* 1.1 2.7 132 
PO to M2 F lone pair αC-H σ* 2.8 2.44 139 
PO to M2 F lone pair tBu C-H σ* 0.6 2.52 107 
PO to M2 F lone pair tBu C-H σ* 0.5 2.55 141 
amide to M1 O lone pair Gua N-H σ* 41.5 1.76 173 
amide to M1 O lone pair tBu C-H σ* 1.2 2.76 123 
amide to M1 Mes  C=C π αC-H σ* 3.6 2.57  
amide to M1 Mes  C=C π αC-H σ* 1.7 2.77  
amide to M1 Mes  C=C π αC-H σ* 0.8 2.75  
amide to M1 Mes  C=C π tBu C-H σ* 3.0 2.62  
amide to M1 Mes  C=C π tBu C-H σ* 1.0 3.09  
      
      
6-TS61-R      
M2 to M1 Gua N lone pair Gua N-H σ* 155.9 1.76 170 
PO to M1 O lone pair αC-H σ* 0.6 2.91 155 
PO to M1 O lone pair tBu C-H σ* 0.8 2.82 153 
PO to M1 F lone pair αC-H σ* 3.2 2.31 143 
PO to M1 F lone pair tBu C-H σ* 1.4 2.66 137 
PO to M1 Ph C=C π αC-H σ* 2.6 2.85  
PO to M1 Ph C=C π αC-H σ* 1.3 2.8  
PO to M2 F lone pair tBu C-H σ* 6.9 2.18 141 
amide to M1 O lone pair Gua N-H σ* 31.1 1.91 170 
amide to M2 O lone pair tBu C-H σ* 3.6 2.47 167 
amide to M2 Mes  C=C π tBu C-H σ* 0.7 3.14  
 163 
6-TS33      
PO to M O lone pair αC-H σ* 2.3 2.57 114 
PO to M F lone pair tBu C-H σ* 4.1 2.31 161 
PO to M F lone pair tBu C-H σ* 0.7 2.56 163 
amide to M O lone pair Gua N-H σ* 40.9 1.78 156 
      
6-TS33-R      
PO to M O lone pair tBu C-H σ* 8.2 2.3 139 
PO to M O lone pair tBu C-H σ* 6.4 2.24 143 
PO to M F lone pair Gua C lone pair* 1.5 2.98  
PO to M F lone pair tBu C-H σ* 1.5 2.7 155 
amide to M O lone pair Gua N-H σ* 32.8 1.76 156 
amide to M O lone pair tBu C-H σ* 5.8 2.47 155 
 
 
Table 6.10 NBO donor acceptor interactions of the thiophenol deprotonation step in 
Reaction 4. M1 is the guanidine monomer that deprotonates 6-10..SPh stands for 6-10.  




intermediate Donor Acceptor 
Interaction  





      
6-TS74      
M2 to M1 Gua N lone pair Gua N-H σ* 132.8 1.78 168 
SPh to M1 S lone pair αC-H σ* 0.9 3.06 126 
SPh to M1 S lone pair tBu C-H σ* 0.8 3.08 108 
SPh to M1 Ph C=C π Gua N-H σ* 5.6 2.46  
SPh to M1 Ph C=C π αC-H σ* 1.3 2.59  
SPh to M1 Ph C=C π αC-H σ* 4.4 2.59  
SPh to M1 Ph C=C π αC-H σ* 1.0 2.91  
SPh to M1 Ph C=C π tBu C-H σ* 2.6 3.07  
      
      
6-75      
M2 to M1 Gua N lone pair Gua N-H σ* 236.7 1.65 176 
SPh to M1 S lone pair Gua N-H σ* 6.4 2.31 146 
SPh to M1 Ph C=C π αC-H σ* 1.5 2.72  
SPh to M1 Ph C=C π αC-H σ* 3.8 2.77  
SPh to M1 Ph C=C π αC-H σ* 1.2 2.84  
SPh to M2 S lone pair Gua N-H σ* 12.7 2.01 164 
SPh to M2 Ph C=C π αC-H σ* 1.0 2.97  
      
      
6-TS63      
SPh to M Ph C=C π αC-H σ* 0.6 2.83  
SPh to M Ph C=C π tBu C-H σ* 0.9 3.18  
      
 164 
6-64      
SPh to M S lone pair Gua N-H σ* 20.5 2.02 164 
SPh to M Ph C=C π Gua N-H σ* 19.6 2.26  
SPh to M Ph C=C π Gua N-H σ* 2.1 2.53  
SPh to M Ph C=C π tBu C-H σ* 2.3 2.84  
 
 
Table 6.11 NBO donor acceptor interactions of the conjugate addition step in 
Reaction 4. M1 is the guanidine monomer that hydrogen bonds to 6-10.M2 is the 
guanidine monomer that hydrogen bonds to 6-11.SPh stands for 6-10 while Pth is 6-
11.  Gua stands for the guanidine functional group. M is the guanidine monomer 
mechanism catalyst. 
 








      
6-TS77      
M2 to M1 Gua N lone pair  Gua N-H σ* 244.6 1.63 173 
 SPh to M1 S lone pair Gua N-H σ* 5.6 2.29 179 
 SPh to M1 Ph C=C π tBu C-H σ* 4.0 2.65  
 SPh to M2 S lone pair Gua C=N π* 1.0 3.47  
Pth to M1 ester C=O lone pair tBu C-H σ* 3.1 2.67 158 
Pth to M1 amide C=O lone pair αC-H σ* 5.8 2.28 132 
Pth to M2 ester C=O lone pair Gua N-H σ* 34.7 1.90 172 
      
      
6-TS77b      
M2 to M1 Gua N lone pair  Gua N-H σ* 209.1 1.70 178 
 SPh to M1 S lone pair Gua N-H σ* 6.4 2.17 153 
 SPh to M1 Ph C=C π αC-H σ* 1.4 2.98  
Pth to M1 amide C=O lone pair tBu C-H σ* 4.0 2.36 132 
Pth to M2 amide C=O lone pair Gua N-H σ* 22.0 1.98 151 
Pth to M2 ester C=O lone pair αC-H σ* 2.9 2.33 152 
      
      
6-TS70      
 SPh to M S lone pair Gua C lone pair* 4.5 3.19  
 SPh to M S lone pair αC-H σ* 2.0 2.91 115.0 
 SPh to M S lone pair tBu C-H σ* 3.3 2.72 139 
Pth to M ester C=O lone pair Gua N-H σ* 46.9 1.77 159 
Pth to M amide C=O lone pair Gua N-H σ* 26.2 1.92 146 
Pth to M amide C=O lone pair αC-H σ* 0.0   
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6-TS66      
 SPh to M S lone pair Gua N-H σ* 15.4 2.24 168 
 SPh to M S lone pair tBu C-H σ* 4.0 2.65 159.0 
 SPh to M S lone pair tBu C-H σ* 2.0 3.02 146 
Pth to M ester C=O lone pair Gua N-H σ* 9.9 2.05 152 
Pth to M amide C=O lone pair Gua N-H σ* 11.7 2.10 117 
Pth to M amide C=O lone pair tBu C-H σ* 3.3 2.59 149 




Table 6.12 NBO donor acceptor interactions of the protonation step in Reaction 4. 
M1 is the guanidine monomer that hydrogen bonds to the Phthalimide functional 
group. M2 is the guanidine monomer that donates the proton to the enolate. SPh 
stands for the thiophenolate functional group while Pth is the Phthalimide functional 
group.  Gua stands for the guanidine functional group. M is the guanidine monomer 
mechanism catalyst. 
 








      
6-TS79      
M2 to M1 Gua N lone pair  Gua N-H σ* 42.1 2.11 139 
 SPh to M2 S lone pair αC-H σ* 0.9 3.31 115 
Pth to M1 ester C=O lone pair Gua N-H σ* 52.8 1.87 153 
Pth to M2 ester C=O lone pair Gua N-H σ* 7.8 2.3 125 
Pth to M2 amide C=O lone pair αC-H σ* 6.2 2.32 129 
Pth to M2 amide C=O lone pair tBu C-H σ* 5.6 2.35 129 
      
      
6-TS79-Z      
M2 to M1 Gua N lone pair  Gua N-H σ* 112.3 1.84 168 
Pth to M1 ester C=O lone pair Gua N-H σ* 43.3 1.79 171 
Pth to M1 ester C=O lone pair tBu C-H σ* 2.5 2.58 143 
Pth to M1 Ph C=C π αC-H σ* 1.4 2.79  
Pth to M1 Ph C=C π αC-H σ* 0.8 2.79  
Pth to M1 Ph C=C π αC-H σ* 1.5 2.87  
Pth to M2 ester C=O lone pair tBu C-H σ* 4.5 2.56 160 
Pth to M2 amide C=O lone pair tBu C-H σ* 4.6 2.48 170 
      
      
6-TS79-R      
M2 to M1 Gua N lone pair  Gua N-H σ* 146.6 1.78 174 
 SPh to M2 S lone pair αC-H σ* 5.9 2.74 109.0 
Pth to M1 ester C=O lone pair Gua N-H σ* 13.6 2.01 121 
Pth to M1 ester C=O lone pair Gua C=N π* 1.1 3.05  
Pth to M1 ester C=O lone pair αC-H σ* 1.2 2.44 108 
Pth to M2 amide C=O lone pair 
Gua C lone 
pair* 5.3 2.76  
Pth to M2 amide C=O lone pair αC-H σ* 1.6 2.59 109 
Pth to M2 amide C=O lone pair αC-H σ* 1.1 2.68 113 
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6-TS79Z-R      
M2 to M1 Gua N lone pair  Gua N-H σ* 96.1 1.91 170 
 SPh to M1 S lone pair tBu C-H σ* 3.2 2.80 123.0 
 SPh to M2 S lone pair tBu C-H σ* 2.6 2.99 131 
Pth to M1 ester C=O lone pair Gua N-H σ* 41.2 1.83 164 
Pth to M2 ester C=O lone pair tBu C-H σ* 7.0 2.45 160 
Pth to M2 amide C=O lone pair αC-H σ* 5.9 2.35 137 
Pth to M2 amide C=O lone pair tBu C-H σ* 6.2 2.35 145 
      
      
      
6-TS68      
 SPh to M S lone pair αC-H σ* 3.9 2.91 139 
Pth to M ester C=O lone pair Gua N-H σ* 39.4 1.81 151 
Pth to M amide C=O lone pair αC-H σ* 2.6 2.69 113 
Pth to M amide C=O lone pair tBu C-H σ* 1.3 2.33 179 
Pth to M Ph C=C π tBu C-H σ* 1.5 2.91  
      
      
6-TS72      
 SPh to M S lone pair tBu C-H σ* 0.8 2.97 143 
Pth to M ester C=O lone pair Gua N-H σ* 35.5 1.83 156 
Pth to M amide C=O lone pair αC-H σ* 4.1 2.4 122 
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